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DISCORSO INAUGURALE 


DEL 


Prof. G. POLVANI 


Presidente della Società Italiana di Pisira 


Quando circa un anno fa il prof. PERUCCA, Presidente della Commissione 
Nazionale Italiana per l’Ottica, mi domandò se la Società Italiana di Fisica 
avrebbe potuto inserire nel suo programma di quest'anno uno dei Convegni 
internazionali sovvenzionati dall’U.N.E.S.0.0 e promossi dall'Unione Inter- 
nazionale di Fisica, precisamente quello relativo all’Ottica e Microonde, e 
m’informava che non sarebbe mancato l’appoggio finanziario del Consiglio 
Nazionale delle Ricerche; io, convinto della grande utilità che alla nostra scienza 
e ai nostri scienziati recano questi raduni internazionali, con entusiasmo accolsi 
la proposta, ben lieto di avere occasione di ulteriormente stringere con l'Unione 
Internazionale di Fisica quelle cordiali relazioni che in quest’ultimi quattro 
anni di lavoro hanno permesso che in Italia si tenessero i convegni internazio- 
nali di Firenze, di Como, di Roma, rispettivamente dedicati alla Meccanica 
Statistica, alla Fisica dei Raggi Cosmici, all’ Ultracustica. 

Ed oggi che il lavoro di più mesi, svolto sempre con uguale passione ed 
impegno, col prof. PERUCCA e col prof. CASSINIS quale rappresentante del 
Consiglio Nazionale delle Ricerche; oggi che il nostro lavoro, culminando in 
questa cerimonia inaugurale, avvia la sua distensione nelle attese discussioni 
scientifiche, grande e profondo dispiacere mi accdra: quello che con noi non 
sia anche il nostro amico, collega e infaticabile collaboratore, il prof.. PERUCCA, 
purtroppo tenuto a letto da una noiosa indisposizione. 

Ciò nonostante egli ha voluto essere qui presente in spirito inviando, con 
la mia parola, il ben venuto a tutti voi, e l'augurio di ottimo successo al Con- 
vegno. Di rimando mi sono arbitrato, prevenendo certo il proposito e il senti- 
mento di tutti i convenuti, d’inviargli qualche momento fa il seguente tele- 
gramma lampo: « Ch.mo prof. ELIGIO PERUCCA, Torino, Via Michelangelo, 19 - 
Partecipanti Convegno internazionale Ottica e Microonde, grati a te per quanto 
hai fatto per l'attuazione del Convegno stesso, e addolorati che tu sia impe- 
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dito a parteciparvi, formulano gli auguri più vivi e cordiali di pronta e com- 
pleta guarigione e inviano i ‘migliori e più affettuosi saluti - POLVANI ». 

Il mio arbitrio è provenuto dal desiderio che proprio mentre noi parliamo, 
il telegramma, giungendo nelle sue mani, gli dica quanto affetto a lui ci lega, 
quanto egli è presente alla nostra mente, quanto desideriamo averlo presto 
nuovamente tra noi, e quanto gli siamo grati per tutto quello che ha fatto 
per questo Convegno. 

Iniziandosi il quale io sento il dovere di ricordare ugualmente con profondo 
senso di gratitudine, un altro nostro grande amico, purtroppo recentemente 
scomparso per sempre dalla scena del mondo: il prof. KRAMERS, l’illustre fisico 
olandese, che, nella sua qualità di passato Presidente dell’Unione Internazio- 
nale di Fisica, volle, col suo sapere, con l'appoggio materiale dell’Unione e, 
soprattutto, col suo illuminato consiglio, dare alla Società Italiana di Fisica 
occasione e modo, con i precedenti convegni internazionali da essa organizzati, 
di riprendere vita dopo i guasti prodotti dalla passata guerra. 


* OK OK 


Ma ancora a molti altri dobbiamo significare i nostri sentimenti di gra- 
titudine. 

Al Sindaco della Citta di Milano, prof. FERRARI, qui rappresentato dal 
prof. CASSINIS; al prof. Morr, Presidente dell’Unione Internazionale di Fisica, 
al prof. FLEURY, Segretario generale dell’Unione stessa, al prof. VAN HEEL, 
Presidente della Commissione internazionale di Ottica; al prof. COLONNETTI, 
Presidente del Consiglio Nazionale delle Ricerche, qui rappresentato dal 
prof. CAssinIs; al prof. DE FRANCESCO, Rettore Magnifico dell’Università di 
Milano, qui rappresentato dal prof. FoA; ancora al prof. CAssINIS quale Diret- 
tore del Politecnico di Milano; al prof. RIccIoLI, Presidente dell’ Associazione 
Ottica Italiana. 

Nè meno calorosi sono i ringraziamenti della Società Italiana di Fisica e 
di tutti i fisici, particolarmente di quelli che coltivano gli argomenti che for- 
mano oggetto del Convegno, verso coloro, italiani e stranieri, che si sono 
iscritti per trattare questioni inerenti al Convegno. Permettete che ve li pre- 
senti: ABELE, ABELÈS e ARNULF di Parigi, BENorr di Grenoble, BRUIN e 
VAN DEN BoscH di Amsterdam, CARRARA di Firenze, CASEY di Cambridge nel 
Massachusetts, DUCHESNE di Liegi, ESSEN e FROOME di Teddington, FRANGON 
di Parigi, HuLL di New York (attualmente a Berna), KAHAN di Parigi, KASTLER 
di Parigi, Kunz di Cleveland, LAcoMmME di Parigi, LewIs di Cambridge nel 
Massachusetts, MALVANO di Torino, MARECHAL di Parigi, SEVERIN di Gottinga 
(attualmente a Berna), SILVER di Berkeley, Simon di Parigi, Ruze di Cam- 
bridge nel Massachusetts, TALPEY di Grenoble, TowNES di New York, TORALDO 
DI FRANCIA di Firenze, ZUCKER di Cambridge nel Massachusetts. 
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A tutti che ho nominato e ai molti altri, stranieri e italiani, partecipanti 
al Convegno, il ben venuto pit cordiale della Societa. E il saluto cordiale e 
il ringraziamento più vivo anche a tutti voi, estranei agli studi scientifici che, 
accogliendo il nostro invito, qui siete voluti convenire per rendere con la vostra 
presenza più solenne l’inaugurazione del Convegno e trarre per esso più favo- 
revole auspicio. 


Chi scorra l’elenco delle comunicazioni annunciate, avrà a prima giunta 
avuto l'impressione che tra esse sia una grande disparità di argomenti. 
Ciò è solo apparente e proviene sostanzialmente dalla tradizionale divisione 
della vecchia Fisica in capitoli che spesso si vogliono tener troppo separati 
tra loro. 

In realtà le comunicazioni presentate riguardano un unico campo dei feno- 
meni fisici, quello che ha luogo nella zona con la quale dalla luce si passa alle 
onde hertziane e viceversa; 0, se si vuole, riguardano un unico scopo: quello 
di servirsi dell’Ottica, intesa in senso stretto, dei suoi risultati, delle sue inter- 
pretazioni, della sua sperimentazione, per ricostruire e interpretare la fenome- 
nologia propria delle onde hertziane di piccolissima lunghezza d’onda, e vice- 
versa risalire dalla fenomenologia delle onde hertziane a quella strettamente 
propria dell’Ottica. In una parola si può dire che oggi proseguiamo, sia pure 
con nuovi mezzi sperimentali e con una ben più profonda conoscenza gene- 
rale e specifica dei fenomeni fisici, l’opera che AUGUSTO RIGHI iniziò sessan- 
t’anni fa. 

Egli aveva allora lo scopo di mostrare l’esistenza di cotesta zona di salda- 
tura tra luce e microonde e di testimoniare la validità della concezione 
maxwelliana; oggi non più urge questa questione — che i matematici indi- 
cherebbero col nome di « teorema di esistenza» — ma quella delle modalità. 

Nè si tratta di un’arida analogia; ma di una vera ed importantissima nuova 
acquisizione: per la Fisica pura, della conoscenza di tutta una fenomenologia, 
spesso assai riposta e specifica delle varie sostanze, e per la Fisica applicata, 
o, meglio, per tutte le applicazioni della Fisica, si tratta di un patrimonio 
ricchissimo da potersi sfruttare a scopi ingegnereschi, industriali, biologici, 
civili, sociali e di sicurezza. 

Per puntualizzare la situazione, anzi un aspetto particolare della situa- 
zione, quello più spettacolare, basti pensare al radar, alla televisione, ai ponti- 
radio e a tutta l’importanza che questi ritrovati della Fisica hanno assunto 
nella vita civile comune; ma ben altri frutti vi hanno di più fine e di più riposto 
gusto puramente scientifico, e di questi tratterà soprattutto il nostro Convegno. 

Ma sarebbe fuori luogo che io parlassi di tali cose proprio a voi che ne siete 
cultori e maestri. Nè voglio più, col mio già lungo discorso, far tardare oltre 
l’inizio dei lavori scientifici. 
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Concludendo, mi si permetta di rilevare ancora una volta tutta l’impor- 
tanza di questi raduni internazionali non solo scientifica o tecnica, ma anche 
umana e — perchè non dirlo? — anche politica. « Essi », come bene altri diceva 
all’inaugurazione del Convegno internazionale di Meccanica statistica tenutosi 
a Firenze, « essi convegni confermano l’immutata posizione di predominio che 
gode ancora il sapere e ne mostrano concretamente la sua incorruttibile nobiltà 
che ad essi deriva dall’aver rappresentato nel passato e dal rappresentare 
anche al presente il mezzo efficacissimo di unione di tutti gli uomini nell’ambito 
di superiori ideali, in virtù dei quali lo scienziato acquisisce nuovi e più saldi 
legami con gli altri uomini, e dilatando l’amore per la patria nativa, si sente 
cittadino del mondo ». 

Vogliano queste parole essere presenti al nostro spirito durante i nostri 
lavori. 

Con questo sentimento, che per tutti gli uomini di buona volontà costi- 
tuisce norma e speranza, dichiaro aperto il 1° Convegno internazionale di 
Ottica e Microonde, e prego e invito il prof. van HEEL, Presidente della Com- 
missione Internazionale di Ottica, a voler assumere la presidenza del Con- 
vegno stesso. 
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WORDS SPOKEN AT THE OPENING OF THE SYMPOSIUM. 


BY 


Prof. A. C. S. VAN HEEL 


President of the International Commission of Optics 


Ladies and Gentlemen, 


It is to me a great honour to open the discussions on Optics and Mi- 
crowaves for which you have come from near and far. The importance of this 
Symposium lies in the fact that representatives of both groups work in fields 
that have much in common and still up to now speak languages in many 
respects so widely apart that interchange of knowledge is hampered. 

Bringing research workers of both fields together we can only expect bene- 
ficial results for both parties. 

Another not less important feature of this Symposium is the presence of 
persons from different countries and even continents, who will be able to 
learn from one another on this time-honoured Italian soil, where during the 
whole course of the history of Western culture, science has found a hearty 
welcome. 
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COMUNICAZIONI PRESENTATE AL CONVEGNO 


L’effet Cerenkov en optique et dans le domaine des microondes. 


M. ABELE (*) 


Facultad de Ciencias, Universidad Nacional - Cérdoba, Argentina 


1. — Une charge électrique en mouvement dans un milieu diélectrique avec 
une vitesse supérieure à celle de la lumière, rayonne de l’énergie électroma- 
gnétique. Ce phenomène a été découvert expérimentalement en 1934 par 
CERENKOV (1). Si la variation de vitesse est négligeable et le milieu non dispersif, 
le rayonnement se propage avec un front d’onde conique 
axé sur la trajectoire de la charge et dont le sommet 
est le point occupé par la charge. L’angle d’ouverture 
du cone est donné par la relation: 


(1) sind = (Bn), 


où n est l’indice de réfraction du milieu et £ le rapport 
entre la vitesse v de la charge et la vitesse c de la lumière Fig. 1. 
dans le vide (fig. 1). Pour 6< n l’angle 3 devient ima- 
ginaire, ce qui correspond a l’absence de rayonnement produit a vitesse 
constante. On a trouvé alors dans le domaine des ondes électromagnétiques 
un phénomène analogue à celui du còne de Mach en mécanique des fluides 
pour les vitesses supersoniques. 

Plusieurs facteurs qui interviennent dans les expériences de Cerenkov ont 
rendu difficile l’interprétation immédiate des premiers résultats, entraînant au 


(*) A présent au Commissariat è l’Energie Atomique, Laboratoires du Fort de Cha- 
tillon, Fontenay aux Roses (Seine). 
(1) P. A. CERENKOV: Compt. Rend. Sc. URSS, 2, 451 (1934). 
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début une confusion de ce phénomène avec l’effet bien connu du rayonnement 
par accélération. En effet ce n’est que quelques années plus tard que FRANK 
et TAmMM ont donné une théorie du phénomène (2). Ils ont supposé une charge 
électrique ponctuelle g en mouvement rectiligne et uniforme avec une vitesse v 
dans un milieu d’indice de réfraction n, fonction réelle de la fréquence w/2z. 
Etant donné un système de coordonnées cylindriques (0, g, 2) ( l’axe 2 coincidant 
avec la trajectoire de la charge et orienté dans le sens du mouvement) le courant 
électrique associé à la charge peut étre représenté par une distribution con- 
tinue de densité du courant 7 de composantes: 


+o 
(2) io 15 == 0 fo = ws d(0) | exp[- iwr]dw, 


où 7 est donné en fonction du temps # et de la coordonnée 2 par la relation 
t=t—e/v, et d(e) est la fonction de Dirac satisfaisant à la condition: 
o 
(d(@) do = 1/2 avec (0 #0). 
ò 

En intégrant les équations de Maxwell pour o 4 0 et en imposant au champ 


magnétique 72, la condition aux limites: 


+0 
lim (270%) = [ex |— twtr] dw , 
eo 27 


on calcule la configuration du champ engendré par la charge, puis energie W 
rayonnée par unité de parcours. On obtient: 


ee, See a eae Ly 
(3) w= ale ! aati do, 


où (en unités M.K.S.) e, est la constante diélectrique du vide. Dans cette 
expression l’intégrale est limitée a VintervaHe des fréquences pour lequel 


(4) pnl) > 1. 


On observe alors que la charge engendre un spectre continu et que la dispersion 
de tout milieu physique assure la convergence de la formule (3), qui diver- 
gerait dans l’hypothèse d’un diélectrique non dispersif. Supposant par example, 
comme cas limite, n constant et satisfaisant a la condition (4) pour © inférieur 
à une valeur donnée @, et n =1 pour © > ©, la distribution spectrale de la 
énergie rayonnée croît alors linéairement avec la fréquence pour w<@ et 
est nulle pour ® > ©. 

Les études théoriques Aéveloppées postérieurement ont permis de calculer 
la contribution de l’effet Cerenkov à la perte d’énergie des particules chargées 
traversant un milieu matérial et d’analyser le processus de formation du còne 


(2) IG. Tamm: Journ. of Phys., 1, 439 (1939). 
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décrit par la relation (1) (#). Parmi les applications les plus brillantes de l’effet. 
on a la possibilité de mesurer la vitesse des protons de haute énergie, en me- 
surant directement l’angle du còne (4). Enfin GINSBURG (5) a démontré que si 
on fait passer des charges électriques à proximité de la surface d’un milieu 
diélectrique, on peut avoir un rayonnement très intense dans le domaine des 
radio-frequences qui correspondent à la gamme des microondes. 

Je limiterai la discussion à ce dernier point en me référant essentiellement 
aux résultats que j’ai obtenu avec mes collabora 


teurs, tout particulierement avec Mr. MARCATILI. 


2. — Si on veut utiliser l’effet Cerenkov pour pro- 
duire un spectre de longueurs d’ondes centimétriques 
ou millimétriques, on peut considérer un guide 
d’onde métallique cylindrique de rayon @,; on sup- 
pose le vide dans l’espace o<o,, et un milieu diélectri- 
que d’indice de réfraction n pour 0, <0< @ (fig. 2). 
Pour simplifier nous supposons que le métal est un Fig. 2. 
conducteur idéal et que le diélectrique est sans 
pertes et non dispersif. Sur l’axe du guide une charge q se déplace avec la 
vitesse v constante. 

Avec le méme formalisme qui dérive de l’expression du courant (2), on 
démontre que pour fn > 1 la charge rayonne un spectre de lignes et que l’énergie 
rayonnée par unité de parcours est: 


(5) W->W, SI na (p2 — 1)12. 
2, So] 10 (E) Llkaylo) cad remo] _ ) 
ou i 
ee e I ents — LE 
et: 


Pi(0) = To(ke0,) Yo(Ke0) ori J (k.02) Yo(ke01) , 


(6) Po(W) == J1(k.01) Yo(k.02) ce J (K-02) Yi(ke01) ’ 
rf na 
A(@) == E Wi(@) JTx(k;01) si 7 Wo(@) To(k;01) . 


Les J, Y indiquent respectivement les fonctions de Bessel de première et de 


(3) G. Breck: Phys. Rev., 74, 795 (1948); M. ABELE: Com. E.S.A., C2 (1952). 
(4) R. L. MATHER: Phys. Rev., 84, 181 (1951). 
(5) V. L. GinsBurG: Compt. Rend. Sc. URSS, 56, 253 (1947). 
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deuxiéme espèce; @, est la h-ieme racine de l’équation: 
(7) Am) =0. 

Au contraire si n8#< 1 on obtient 
(8) Wi 08 


On voit que la charge, par l’effet de la présence du milieu diélectrique et 
de la surface métallique, engendre un spectre de lignes qui correspondent aux 
fréquences des oscillations libres du guide données par l’équation (7) et ayant 
‘une vitesse de phase égale & v. Pour n§ <1 on ne peut pas avoir de rayonne- 
ment, étant donné que la valeur minimum de la vitesse de phase d’une onde 
dans le guide est la vitesse de la lumiere dans le milieu d’indice n. 

Analysons done quelques propriétés du spectre. Dans la formule (5) l’énergie 
rayonnée W, correspondant à la ligne h-ieme dépend essentiellement des para- 
metres f, n, 0,/0.. Considérons le cas le plus simple où l’ordre de grandeur de: 


(ap) 


est égal à l’unité, et supposons d’abord: 


Si <i 
02 
Dans ce cas, pour 
wos 
(8) Riz 
IT 01 


on démontre que: 


- ¢ 707 1 2 N 
eee 2921), 31 — 22 (1 — =) 
(9) aaa (n2B ) of 5 dra | 


1\ av n° i Wor ; E 
on~ (2-3) al Shee. 


On voit alors par la formule (9) que l’énergie W, augmenterait linéairement 
avec la fréquence des lignes dans le cas limite où 0, = 0. La présence du cylindre 
vide de rayon o; fait que W, augmente plus lentement par l’effet de la présence 
dans (9) d’un terme correctif, qui, pour les valeurs de h considerées, varie 
pratiquement comme le carré de la fréquence. Pour 


10; 
ea 
A 01 
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on obtient: 
È he (1 = Bn Wn01 
10 W,- 2 Sit 2)1/2 
(10) n° NEVO; me 1 np: 1 exp i ( B?) 
ni 1 — p? 


ou ©, est donnée par l’équation: 


fe BP 1/2 
eleonora 
g k.(02— 01) = = ai 


Par conséquent l’énergie W, augmente dans la première partie du spectre (8), 
et après un maximum correspondant aux valeurs de h de l’ordre de grandeur 
de 02/70, diminue très vite avec la fréquence selon la formule (10). 

Ce qui précède est valable dans le cas 01/0 <1. Si maintenant on suppose 
le rapport 0/0, de l’ordre de grandeur de l’unité, il n’y a aucune valeur de h 
satisfaisant a (8) et par conséquent la première partie du spectre, où l’énergie 
augmente avec la fréquence, disparaît. Le rayonnement n’est alors sensible 
que pour les premières lignes du spectre. 


3, — L’hypothèse d’une vitesse constante 2, qui a conduit aux résultats 
du dernier paragraphe, est justifiable physiquement si la charge g n’est soumise 
à l'action d’aucune force. Cette condition est remplie si l’on compense la réaction 
du champ de rayonnement; pour cela il suffit d’admettre la présence d’un 
champ électrostatique E, dirigé suivant l’axe 2 et donné par la relation: 


GEA 


L’énergie cinétique de la charge reste constante et énergie rayonnée est 
égale è l’énergie potentielle perdue par la charge durant le mouvement. Cette 
simple observation se révéle particuliérement importante pour Vapplication de 
Veffet Cerenkov è l’amplification d’une onde électromagnétique. 

Supposons en effet qu’en modulant un faisceau continu de charges avec 
une onde monochromatique, on injecte périodiquement dans le guide des im- 
pulsions de charges ponctuelles q avec une fréquence w)/2a. Supposons en 
plus que les charges entrent dans le guide au point ¢=—2/2 et en sortent 


au point 2 = + 2/2. Si la vitesse v est constante, la distribution du courant est: 


f jo=jo=9, 
— 1% 519) Y exp [— iar] 
(11) Jz ~ Antio fe p IMDT 


mal 
ac— | = exp 
(È 


o 


UE oa ele Lo 5) {-—3|| «| i 


où le contour d’intégration o est pris suivant l’axe imaginaire du plan complexe 6 
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en contournant l’origine par un demi-cercle situé dans le demi-plan a partie 
réelle positive. 

Bornons nous à déterminer la composante axiale €, du champ électrique 
engendré par la distribution de courant (11) pour 0< 0,. La valeur asympto- 
tique de €, pour 2 + + co est donnée par la formule 


9 € d_ LL ; 
(12) 2>+0 = 8n°5, ae woe. [— ima rt] * 
4 k? Sh (€2/2) [1 n? 
al SANYO — — JY,(k; (0) eX È È 
Rene: EA (Mao, È) [È 1( 91) k, o( vl J (ko) exp [Cz] dc, 


o 


ott A(ma , È), vo; Y: Sont donnés en fonction de k; , k, par les relations (6), avec 


È) MEN na|1/2 
= [6 + im i + mar i 
v 


e? 


2 1 1/2 
| k, = (e + im’) A mot i ; 
| v Ge 


Considérons dans (12) l’harmonique fondamental (m = +1) et supposons: 


= 


que w, satisfait & l’équation: 
(13) Ama, dea 


ce qui revient & supposer que la vitesse de phase d’une oscillation libre de fré- 
quence wm /2z est égale à la vitesse v des charges. Si l’équation (13) est satisfaite, 
on introduit dans (12) une singularité à Vorigine du plan complexe. Alors pour 
ce mode d’os illation du guide amplitude du champ électrique, pour 2 + + co 


“ey 
dò 


L’amplitude du champ de l’harmonique fondamental augmente alors linéai- 
rement avec 2 et l’énergie (après l’interaction en 7) augmente comme le carré 
de z. Nous pouvons done choisir les paramètres du guide et prendre pour 
une valeur suffisamment grande, pour que l’énergie transferée aux autres 
modes d’oscillation soit petite par rapport à celle du mode satisfaisant a l’équa- 
tion (13). Dans ce cas le champ électrostatique £, sur l’axe du guide croît 
linéairement avec 2 dans le sens du mouvement des charges. Le rendement 
d’amplification peut alors atteindre des valeurs très élevées étant donné que 
l’énergie potentielle perdue par les charges peut étre beaucoup plus grande. 
que l’énergie cinétique initiale. 


est 
qe p?—1 


E, m=1, — 7 
(CoA A 


1/2 
Ya(ki01)%1 — n? | Yale J o(k;0) 


4 & t=0 
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On voit alors la différence entre ce processus et celui d’un amplificateur 
à ondes progressives du type classique (Travelling Wave Tube) où les charges, 
dans l’espace d’interaction, sont soumises è l’action du seul champ électro- 
magnétique (5). Dans ce cas le rendement est faible, puisque l’énergie trans- 
ferée a l’onde n’est qu’une petite fraction de l’énergie cinétique des charges. 


(6) R. Komprner: Rep. Progr. Phys., 15, 275 (1952). 


INTERVENTI E DISCUSSIONI 


— A. C. S. van HEEL: 
What advantage could we have from the optical standpoint from your analysis? 


— M. ABELE: 

The details of the radiation process in microwave region give the possibility to 
study with more accuracy the loss of energy in the optical range by charged particles 
in a dielectric medium. 


— F. J. Zucker: 

It would be very desirable to use Dr. ABELE’s theoretical analysis and build a 
microwave tube, say a high power amplifier at 3 cm where the de-bunching effect is 
not yet too severe. Let me extend my condolences (and good luck wishes) to him who 
tries first: it took Dr. COLEMAN of the University of Illinois (then at M.I.T.) three 
years’ hard work after the theoretical analysis had been completed to obtain a few 
microwatts from an ingeniously built microwave generator making use of Brems- 
strahlung. Perhaps (we hope) the Cerenkov amplifier is simpler to construct. 


— M. ABELE: 

The presented paper shows that the radiated energy may be very strong, in the 
resonance case, because the pulses of the charges radiate coherently. This means that 
it is difficult to apply the Cerenkov effect for the generation of very small wave lengths, 
for the impossibility to get sufficiently short pulses of charges. On the contrary for A 
sufficiently high it is possible to apply it for the amplification of very high energies. 
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Sur la propagation des ondes dans les milieux stratifiés. 


F. ABELÈS 


Institut d’Optique — Paris 


Les problèmes de propagation d’ondes couvrent probablement Ja moitié 
du domaine de la physique. Ceux que nous étudions ici concernent plus parti. 
culibrement le cas unidimensionnel, c’est-à-dire celui où les propriétés du milieu 
ne sont fonctions que d’une seule coordonnée. Leur étude est intéressante 
étant donné qu’on les rencontre à la fois dans le domaine de l’optique pro- 
prement dite (couches minces) et dans celui des microondes (lignes -de trans- 
mission, ionosphere, etc....). 

Du point de vue mathématique, la résolution des équations de Maxwell 
qui régissent la propagation des ondes électromagnétiques, se ramène ici a 
celle d’un système de deux équations différentielles du 1° ordre à deux in- 
connues, celles-ci étant les composantes tangentielles des champs électrique et 
magnétique. Naturellement, l’élimination de l’une de ces composantes conduit 
a une « équation d’ondes » & une dimension, c’est-à-dire & une équation diifé- 
rentielle linéaire du second erdre. De méme que dans le cas des lignes de trans- 
mission, il sera utile d’introduire, méme dans le domaine de l’optique, la notion 
d’impédance, ce qui présente certains avantages pratiques, ainsi que nous 
l’avons montré ailleurs (1), et didactiques. Rappelons que si tous les para- 
métres sont fonctions de z, on a le système suivant: 


au sea er 
de rue lo «la TT 


— Y(2)U, 
où, 20y étant le plan d’incidence, 
BE, = U(z) exp [i(ot-kSy)]; H,= V(z) exp [i(ot—kSy)]];  H.=— SE.lu, 


dans le cas d’une onde TE (E perpendiculaire au plan d’incidence), et 


H, = U(z) exp [i(ot—-kSy)]; E,=—V(e)exp[i(@t—-kSy)]; E.=— SH, 


(1) F. ABEeLÈS: Journ. Phys., 11, 307 (1950). 
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dans le cas d’une onde TM (H perpendiculaire au plan d’incidence). D’autre 
part, 


12 

Z = ku), Weak ete — d onde TE, 
u(e) 
S? 

Z = tke(z) , Ws WE Me) = se onde TM, 
£(2) 


les autres quantités ayant les significations habituelles, à savoir: w=2zy (ot v est 
la fréquence de l’onde incidente), t= temps, k= w/e = 27/7 avec e=3-101° em/s, 
et 7 =longueur d’onde dans le vide de la vibration incidente, £(2) = pouvoir 
inducteur spécifique du milieu stratifié, (2) = perméabilité magnétique du 
méme milieu, S = constante de la loi des sinus relative à l’incidence utilisée. 
Comme dans le cas des lignes de transmission, on désignera per K =i Zi 
l’impédance du milieu et par [= VZY la constante de propagation dans ce 
milieu, ces deux quantités étant des fonctions de S, c’est-à-dire de l’angle 
d incidence. 

Nous commencerons par étudier le cas où le milieu stratifié est compris 
entre deux milieux homogenes semi-infinis. Dang ces conditions, le probleme 
le plus simple se présente lorsque l’épaisseur du milieu stratifié est nulle, 
c’est-à-dire lorsqu’on a deux milieux homogènes qui sont au contact par une 
face plane. Les coefficients de réflexion et de transmission sont alors donnés 
par des formules de Fresnel généralisées qui s’ecriront respectivement: 


AE 


(la rd 


taht, 


K, et K, étant les impédances des milieux au contact. Ces formules sont va- 
lables indifféremment pour une onde TE ou TM, à condition d’employer les 
valeurs de K correspondantes et de sé rappeler que r 1eprésente le coefficient 
de réflexion pour le champ qui est transversal (c’est-à-dire perpendiculaire au 
plan d’incidence). La mesure de v ou ¢ permet de déterminer l’impédance de 
l’un des milieux si l’on connait celle de l’autre. Dans leur communication, 
BENOIT et TALPEY (2) indiquent comment on peut déterminer e et ~ complexes 
à partir de mesures de r et de ¢. Rappelons simplement que, dans le cas ou 
deux milieux au contact ont méme yw, nous avons indiqué une méthode simple 
pour déterminer la constante diélectrique complexe de l’un des deux milieux 
à partir des mesures de |rpg|? et de |rpy|? (?) — méthode utile en particulier 
pour l’étude des semi-conducteurs dans l’infrarouge —. 


(2) Voir ce fascicule, pag. 231. 
(3) F. ABELÈS: Rev. d’Opt., 31, 127 (1952). 


14 - Supplemento al Nuovo Cimento. 
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Des mesures de la constante diélectrique complexe des métaux en ondes 
ultracourtes seraient extrémement intéressantes. Elles permettraient de vérifier 
avec plus de précision la relation de Hagen-Rubens, qui ne devrait étre valable, 
pour les métaux bons conducteurs, que pour des longueurs d’onde supérieures 
a 0,1 mm. D’autre part, c'est dans cette méme région Z— 0,1 mm qu’apparaît 
aux très basses températures l’effet pelliculaire anomal, ainsi que l’ont montré 
REUTHER et SONDHEIMER (*) pour les métaux è l’état ordinaire et MAxWELL, 
MARCUS et SLATER (5) pour les métaux qui deviennent supraconducteurs. 
Ces derniers auteurs ont d’ailleurs fait des mesures à 1,25 em. On peut ainsi 

étudier des effets dus au libre parcours moyen des électrons dans les métaux. 
| Disons, pour résumer ceci, que c’est la région comprise entre 0,1 mm et quelques 
millimètres qui promet d’étre intéressante pour l’étude de la structure électro- 
nique des métaux, mais qu'elle est aussi celle qui est actuellement la plus dif- 
ficile & atteindre. 


Théorèmes relatifs aux milieux stratifiés. 


Dans le cas général où l’épaisseur du milieu n’est pas nulle, on montre (5) 
que celle-ci peut ètre caractérisée par une matrice carrée [M] à quatre éléments 
de module unité, le fait que |[M]|=1 traduisant la conservation de l’énergie. 
D’une manière plus précise, si U,, V, et U, V sont les composantes des champs 
a l’entrée et & la sortie du milieu stratifié respectivement, on a 


Uo 
Ve 


Les coefficients de réflexion 7 et de transmission t peuvent se mettre sous 
la forme: 


= [M] Hi avee [M] = i x 


Lo 
MI DEN 


L.,M.) 9 pa 
CLIMI: Da 


I, et L, étant les admittances (inverses des impédances) des milieux homo- 
genes extremes. 

Compte tenu de ceci, on déduit un certain nombre de théorémes généraux 
utilisables aussi bien dans le domaine optique (où ils ont déjà servi) que dans 
celui des microondes. 


(4) E. H. REUTHER et A. E. H. SONDHEIMER: Proc. Roy. Soc., A 195, 336 (1948). 
\(}) E. MaxweELL, P. M. Marcus et J. C. SLATER: Phys. Rev., 76,-1332 (1949). 
\6) F. ABELES: Ann. de Phys., 5, 596 (1950). 
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1) Le facteur de transmission T dun milieu stratifié est indépendant du sens 
de propagation des ondes. 

Rappelons que le facteur de transmission représente le rapport entre l’énergie 
que le milieu laisse passer et l’énergie qu’il regoit. On définit d’une manière 
analogue le facteur de réflexion R; celui-ci dépend du sens de propagation. 
Il s’ensuit que l’énergie dissipée dans le milieu stratifié est, elle aussi, fonction 
du sens de propagation. Si l’on considère le milieu stratifié comme une suc- 
cession de quadripoles, cette propriété est une conséquence du théorème de 
réciprocité de Lord Rayleigh, ainsi que l’a montré ARsAc (7). 


2) Soit un milieu stratifié dissipatif limité des deux cétés par des milieux 
homogenes non dissipatifs dont les paramètres caractéristiques sont (dans Vordre 
suivant lequel ils sont rencontrés par Vonde incidente) e, by et &, po. Si Von 
remplace le premier de ces milieux par un milieu stratifié non dissipatif limité 
du còté de Vonde ‘incidente par un 
milieu homogène non dissipatif «e, 


1 R, . 
lo (fig. 1) et st Von désigne par R,, ato 
T, et R,, T, les facteurs de réflexion et 

ee R 1 R 
de transmission correspondant a ces 5 | È fa fly 
deux cas, on a 
E,p E. pl 
Gh ‘De Ea. Ha Ca Ha 
— o) To G 


Fig. 1. 


En d’autres termes, pour un 
milieu stratifié dissipatif donné suivi d’un milieu homogéne non dissipatif 
donné, la quantité 7/(1— R) ne dépend pas du milieu non dissipatif qui le 
précède. : 

Cette propriété a été signalée pour la première fois par DuFOUR dans le 
cas particulier d’une couche mince absorbante recouverte de couches non 
absorbantes utilisées sous incidence normale (*) (8). Elle a été utilisée pour 
augmenter la résolution des interféromètres du type Fabry-Pérot, tout en 
gardant leur luminosité. 


3) Soit un milieu stratifié transparent limité des deux cotés par des milieua 
homogènes transparents semi-infinis. Si 6, et 6, désignent les phases-des coefficients 


(7) M. Arsac: Diplome d’Etudes Supérieures (Paris, 1952). 
(*) Rappelons que 
dissipatif = absorbant, 
non dissipatif = transparent = sans pertes. 


(8) C. Durour: Ann. de Phys., 6, 5 (1951). 
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P) . . n = . È x i} 
de réflexion et de transmission pour une onde incidente a gauche et 0, et Ò, les 
mémes quantités relatives à une onde incidente a droite, on a les relations 


Sn) Se oe 


les origines des phases par réflexion étant dans le premier plan de discontinuité 
‘rencontré par Vonde incidente, tandis que pour la transmission ces origines se 
trouvent dans le plan de discontinuité rencontré le dernier par Vonde incidente. 

Ces rélations sont vérifiées dans le cas d’une couche mince transparente 
sur verre ainsi qu'on peut le constater d’après les mesures de SCHOPPER (°) 
sur Sb,S,. Ce théorème a été démontré indépendemment de nous par B. LEN- 
GYEL (1°) d’une manière très simple 4 partir des propriétés de la matrice de 
diffusion S. Il a été vérifié par le méme auteur pour des longueurs d’onde voi- 
sines de 3 cm. Ceci constitue un exemple intéressant montrant comment un 
méme résultat trouve sa confirmation a la fois par des mesures optiques et 
par des mesures dans le domaine des microondes. 


4) Les phases des coefficients de réflexion et de transmission d’un système 
stratifié symétrique sans pertes different de 90°, le plan de référence étant le plan 
de symétrie : 

: I 

| 0, i 6, | = n Ò 

Ce théorème, qui est un cas particulier du précédent, avait été démontré 
par nous avant ce dernier (1). 


5) Pour une lame homogène absorbante limitée des deux cétés par le méme 
milieu homogéene semi-infini, Vexpression Cna est indépendante de 
Vépaisseur de la lame absorbante (qui ne doit étre ni nulle ni infinie) (3°). 

Cette relation contenant des quantités complexes est équivalente à deux 
autres: une relation entre les amplitudes et une autre entre les phases. Elle 
est valable aussi lorsque la lame est sans pertes (transparente). 


6) Un milieu homogène non dissipatif n’a aucun effet sur Vonde plane qui 
le traverse si son épaisseur d est telle que Von ait lA = ima (m = entier quel- 
conque). 

Pour employer le langage des opiiciens, nous dirons q’une lame transpa- 


®) H. ScHoPPER: Zetts. f. Phys., 131, 215 (1952). 


(°) 
(19) B. LENGYEL: Journ. Appl. Phys., 22, 263 (1951). 
(1!) F. ABELÈS, Compt. Rend. Ac. Sei., 230, 632 (1940). 
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rente n’a aucun effet sur l’onde plane qui la traverse si son épaisseur optique, 
corrigée pour tenir compte de l’inclinaison de cette onde, est un multiple entier 
de 4/2. 

Dans le cas des milieux stratifiés périodiques, nous avons montré l’intérét 
qu'il y avait a introduire les polynòmes de Tchébychev. Ils nous ont permis 
de montrer les propositions suivantes (5). 


7) La traversée d’une épaisseur md (m = entier quelconque) Vun milieu 
stratifié périodique de période d wa aucun effet sur Vonde plane qui le traverse, 
sil est tel que Von ait M,, + My, = 2 cos NM, Ou WZ, me 


8) Envisageons deux mitieux homogènes transparents s’étendant depuis 
z=— oo jusquà 2=0 et depuis 2 =d jusquà 2 = + 00, dont les pouvoirs 
inducteurs spécifiques et les perméabilités magnétiques sont €o, tto Ct E15 a (E&.< &1, 
[lo < fx), et supposons qu'ils soient séparés par un milieu transparent stratifié 
quelconque dont les parametres sont tels que pour O<ez<d on wit e, <E(2) < £1, 
to < (2) <p. St Von désigne par R le facteur de réflexion lorsque d> 0 et par 
R, celui qui correspond à d = 0 (milieux homogènes au contact), on a toujours 
R<R,, quelles que soient Vincidence, la longueur d’onde ou la polarisation de 
Vonde incidente (3°). 

Nour terminerons l’énoncé des théorèmes relatifs aux milieux stratifiés en 
indiquant une propriété très simple que nous n’avons trouvé signalée nulle part. 


9) Soient deux milieux homogènes semi-infinis au contact, ayant la méme 
perméabilité magnétique et des constantes didlectriques différentes (Vune réelle et 
et Vautre complexe). Pour une onde plane incidente sous un angle de 45° on a 

1 2 
Roy = Pre: 


La réflexion interne dans les milieux stratifiés. 


Cette question est intéressante surtout dans le domaine des microondes où 
Yon étudie la réflexion des ondes par la troposphere. 

Nous nous proposons ici de généraliser certains résultats récents d’ECKART 
et KAHAN (15). Quels que soient U et V, on peut toujours les mettre sous la 
forme: 


] 
VIE PINE T(IT-R). 


(12) F. ABELÈS: Compt. Rend. Ac. Sci., 232, 1415 (1951). 
(3) C. Ecxart et T. Kanan: Journ. Phys., 11, 569 (1950). 
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La raison de la décomposition de U en deux parties 7 et R est claire: elle 
est analogue de la décomposition, dans le cas d’un milieu homogène, de l’onde 
qui s’y propage en onde incidente (7) et onde réfléchie (R). Le coefficient de 
réflexion interne r sera, par définition, 


R U—KV 
7 TACE VO 


Pxaminons un instant la propagation du flux d’énergie donné par le vecteur 


de Poynting S. Dans le cas d’une onde TE, on a pour l’onde 7, 


e S 6 703 
Ss Se 22 S = a 
1 an 11 ee ea 


ce qui montre que la direction dans laquelle se propage l’énergie fait avec 
Vaxe Oz un angle 0 tel que: 


pi gna 
7 


Si nous admettons, ainsi que nous l’avons déjà fait, que S est la constante 
de la loi des sinus, c’est-à-dire que S = (ew)? sing, g étant l’angle que fait 
la normale è l’onde avec Qz, on a: 


Vi eu sin g 
tg 0 = —=_—__ =tg@ 
V eu COS 9 ì 
résultat très satisfaisant, car il signifie que la composante normale du flux 
d’énergie est la somme des deux composantes correspondantes des ondes 7 et R. 
Ayant montré ainsi les fondements physiques de la décomposition U= 74, 
nous évaluerons maintenant r dans le cas de la troposphère, ou, d’une fagon 
plus générale, dans le cas d’un milieu è impédance lentement variable. Nous 
avons montré que si l’on néglige (K'/K)? et K"/K devant Vunité, on peut ap- 
pliquer l’approximation WKB et poser 
Z 
— dz]. 
+f xe] 


U =VK exp 


+ fra] = VK exp 


Connaissant U, on en déduit V par la relation: 


pie 


NIH 
2 
& 
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Done, si Yon pose 


Of =VE(4exp| [i :| + Bexp 


Z » 
ay FeAl 


e Z K' 4, 
a(G a)exr| ST +8(7+2)cn|+[f%]| 


Dans le cas de la réflexion interne sur un milieu stratifié s’étendant jusqu’a 
Vinfini, nous devrons poser B = 0 pour des raisons faciles è comprendre. L’ap- 
plication de la formule indiquée plus haut pour 7 nous conduit alors a 


on aura 


IV K 


Ke 
U— KV oF, TIA 
ONES AA SMR 
VA 


si l’on neglige, ainsi que nous l’avons déjà fait, les termes en K°?, 
Nous supposerons dans ce qui suit ~ = constante. Dans le cas de l’inci- 


dence normale, S— 0, K= Vule et l’on trouve facilement que 


i(de/de) 


= Sky3!? el? 


Le cas étudié par EcKART et KAHAN correspond à e = a +-f et, pour 
2 == 0, Calily == ty ap Gon 
ia 
"@=0) — O72 a/apsa © 
8ku?!/p 


Cette expression de r redonne eelle trouvée par ces auteurs au facteu1 1/2 pres. 
Étant dofiné les longs calculs. qui les ont conduit a ce résultat, il nous paraît 
probable qu'une légére erreur.ait pu s’y glisser. 

Dans le cas de l’incidence oblique, S = 0, nous envisagerons les ondes TE 
et TM. 

Pour une onde TH, 
iu(de/de) 


Ae GOOSE tas ayn 


tandis que pour une onde TM, 


ie (eu— 28?) 
8ke(eu — S?)3/? 


K= e/(eu — 82)? , d’ ot i = 


On constate que, pour une incidence donnée, et, rappelons-le, pour 
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u = const. on a 


Tomy = ed 
TR eu 


done |rry|<|"rr| 

Dans le cas où il y a réflexion totale, eu = S?, et l’on constate que K’=oco 
aussi bien pour une onde TE que pour une onde TM, autrement dit, notre 
approximation ne doit plus étre valable. Toutefois, la relation 


K'! 
2Z 
a) 

de 

2Z 


die 


nous conduit alors à 7 = —1, résultat correct. 

D’après ce que nous venons de voir plus haut au sujet de la direction de 
propagation de l’énergie, on doit avoir 0 = 90° lors- 
que eu = S*, c’est-à-dire au niveau 2, ou il y a ré- 
flexion totale. Or R. GANS (4), dans un important 
mémoire, a montré qu’il n’en est pas ainsi, et que pour 
2 =  l’angle que fait le vecteur de Poynting S avec 
Oz est inférieur à 90°. La fig. 2 montre en pointillé 
la propagation du flux d’énergie d’aprés GANS et en trait 
_ ‘plein la méme trajectoire d’après la loi des sinus. Nous 

Hig, 2. nous proposons de montrer rapidement l’erreur de 

raisonnement de GANS. Pour cela, rappelons brievement 

la maniére dont il traite cette question. Il envisage uniquement l’onde TE en 

supposant que « =1 et qu'il s’agit d’un espace (~co<z< + co) & Va- 

riation lente de e. Au voisinage du plan 2 = 0, on suppose que k?(e— S*?) = 

=— az, avec a = const >0, done pour 2z<0 et voisin de zéro, U est la 
solution de l’équation 


d?2U 
dz? 


—aU=—0, 


dont les intégrales sont des fonctions de Bessel d’ordre 1/3. GANS suppose 
que, si l’on représente avec H® et H® les fonction de Hankel de 1°° et 
de 2°™€ espèce respectivement, l’onde incidente est représentée par 


— 2 ,— 
C yz exp [i 577/12] Nae Hi? (; VEE as) S 


(14) R. Gans: Ann. der Phys., 47, 709 (1915). 
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et l’onde réfléchie par 


c' VE exp [— i 57/12] V-- Hî) (5 VT a) 


de facon que, pour 2 +— co, on ait pour les deux ondes les valeurs asym- 
ptotiques: 


e [eve ecs p: de 


- et > 


V_ aa V ag 


C exp |-ifhve cos p- de C'exp 
: 0 


respectivement. 

Mais cette décomposition de l’onde dans l’espace 2<0 néglige les ré- 
flexions internes. Elle conduit 4 S,; = const-C? et S,, — const:C’ pour cha- 
cune des ondes partielles, c’est-à-dire que l’onde incidente et l’onde réfléchie 
transportent toujours la méme énergie sans en échanger entre elles. Or, il est 
évident à priori que si S,; reste constante, tg 0 = S,,/S.; ne peut devenir infinie 
à aucun moment, et, par conséquent, 0 ne peut jamais atteindre la valeur 2/2. 
Cette courte discussion nous montre comment la considération de la réflexion 
interne permet d’éviter une erreur de raisonnement. 

Remarquons enfin que les calculs d’EckarT et KAHAN relatifs à la distor- 
sion d’une impulsion de la forme exp [— k?t? + iw ot] peuvent se transposer 
sans difficulté aux cas de réflexion interne que nous envisageons, parce que 
chez nous comme chez ces auteurs, r est inversement proportionnel à ©. 

Dans le cas où l’épaisseur du milieu stratifié est faible par rapport a la 
longueur d’onde, on utilisera avec profit les résultats obtenus il y a une soi- 
xantaine d’années par DRUDE en utilisant ce que les opticiens appellent la 
couche de passage. Pour un exposé plus récent de la question, on pourra se 


x 


reporter à notre thèse (°). 


INTERVENTI E DISCUSSIONI 


— G. ToRALDO DI FRANCIA: 

Au sujet des milieux stratifiés, où l’indice de réfraction est une fonction lentement 
variable, je voudrais signaler l’existence d’études très intéressantes et détaillées par 
BREMMER et par RyDBECK. Ce dernier a montré comme le terme en k’/k de la réflection 
interne est seulement le premier terme d’un développement en série, dont il a calculé 
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des termes successifs. J'ai donné moi méme des méthodes variationelles, qui facilitent 
ces calculs. 


— F. J. Zucker: 

I believe Dr. ApeLÈSs’ description of stratified layers should be supplemented by 
mentioning the trapped modes which generally arise when one illuminates a stratified 
region. An exception occurs when the exciting wave is perfectly plane. 

Even then, however, the trapped modes will still arise if the layers are bent in 
any way. 

The trapped modes are eigenvalue solutions of the transverse wave equation, and 
it is therefore easy to calculate their characteristics. In view of the fact that these 
modes abstract energy from the incident field they will modify Dr. ABEL#s’ results 
‘ except in the important case of a plane wave source. The relative amplitudes with 
which the several modes will be excited are not easy to calculate; they depend of course 
on the particular source that is used. In general, it is necessary to use Fourier trans- 
form methods or something equivalent. Calculations of this sort (from the micro- 
wave point of view) have been made by WurrNer, Tar, and Mason in the United 
States, and by Orr in Germany. 
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Etude expérimentale de la limite de résolution 
de deux points lumineux en fonction de leur cohérence. 


A. ARNULF, O. Dupuy et F. FLAMANT 


Institut d’Optique - Paris 


Rappelons brièvement, d’après les derniers travaux de H. H. HOPKINS (1), 
qui complétent les résultats antérieurs de ZERNIKE (2), la définition de la 
cohérenee. 7 

Considérons deux points objets P, et P., éclairés par une source S. L’inten- 
sité en un point de l’image peut s’écrire sous la forme: 


= A} ae Ae ate 2A,Ao'yi2, 


Yi. étant, d’aprés HOPKINS, le facteur de cohérence de phase des points P, 
et P,. On a: 


A lo) 
Via = Va exp [ig] avec p=2x DI 


gy étant la différence de phase des vibrations issues de P, et P,, 6 étant la dif- 
férence de marche correspondante. 

ZERNIKE.a montré que V est équivalent a Vamplitude en P, de la figure 
de diffraction d’un point objet ayant son image centrée sur P,, et produite 
par un systéme parfait ayant une ouverture identique a celle de la source. 

Lorsque la différence de phase est nulle, la cohérence est définie par le 
terme V, appelé degré de cohérence par ZERNIKE. Lorsque V= 0, les deux 
points sont incohérents, et l’intensité en un point de l’image est la somme des 


intensités. 


(1) H. H. Hopkins: Proc. Roy. Soc., A 298, 263 (1951). 
(2) F. ZERNIKE: Physica, 5, 785 (1938). 
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Lorsque V= 1, les deux points sont cohérents, et l’intensité est la somme 
des amplitudes élevées au carré. Entre ces deux limites existe tout une série 
d’états intermédiaires de cohérence partielle. 

Nous nous sommes done proposés de mesurer la variation de la limite de 
résolution en fonction de la cohérence dans le cas méme où elle a été caleulée 
par HOPKINS, c’est & dire sur un objet formé de deux points lumineux iden- 
tiques avec une différence de phase nulle, puis d’étendre cette étude an cas 
où la différence de phase est quelconque. 


Dispositif expérimental. 


L’image d’une lampe S très brillante (Philips HP 500) est projetée sur 
l’objet 0, formé de deux petits trous identiques (diamétre apparent 8°), de 
distances variables et connues, 
au moyen de la lentille conden- 
En ele ee oe | satrice L, dont la surface con- 
| stitue la source proprement dite. 

L’ouverture et la forme de cette 

ei source sont 1églées par un dia- 

phragme 7, qui peut étre soit 

un trou circulaire de diamétre variable, soit une fente réglable. L’objet O est 
observé à travers une pupille circulaire P, de diamètre assez petit (0,16 mm), 
pour que l’image rétinienne 
ne soit pas sensiblement 
perturbée par les défauts 
du système optique de l’@eil. 

Un coin photométrique 
double, interposé entre ZL 
et 7, permet d’obtenir un 
éclairement rétinien con- 
stant, pour toutes les va- 
leurs de la cohérence su- 
périeures à — 0,1. 

La limite de résolution 
FR est définie par le cofficient 
K de la formule classique 


Kh 


— Qnsin u~ 
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x 


K est relié à s, limite de résolution angulaire de l’ceil, par la formule 


$*0 (4) 
DI si observateur FF 


Ke 


o étant le diamétre de la 
pupille P, A la longueur 
d’onde. 

L’étendue de la source 
est définie, suivant l’usage, 
par le rapport S de la lar- 
geur géométrique du  fai- 
sceau éclairant dans le plan 
de la pupille, au diamétre 
de cette pupille. 

Le degré de cohérence Fig. 3. 

V est donné, dans le cas 
ou le diaphragme 7 est un trou, par J,(z)/z, (avec J, = fonction de Bessel 
d’ordre 1), et dans le cas ot 7" est une fente, par (sin z)/z, avec: 


g=a KS. 


Enfin, la différence de phase g, s’cbtient directement & partir de la mesure de 
Vordre d’interférence des 
( ISTE franges donna formées 
sur la pupille P. Le fac- 
teur de cohérence est alors 
V cos q. 
Les résultats expérimen- 
taux sont les suivants. 


0,7 
0,6 
0,5 


a 1) g=2man; 
V variable (fig. 2, 3 et 4). 
La limite de résolution 
varie dans le méme sens 
que les valeurs algébriques 
de la cohérence. La courbe 
K = f(S) est paralléle a 
Fig. 4. celle obtenue par HOPKINS 
et située au dessous, les va- 
leurs vraies du seuil de contraste de l’eeil étant plus petites que celles 

adoptées pour le calcul. 


0,3 


0.2 


0, 


228 A. ARNULF, 0. DUPUY et F. FLAMANT 


2) gp =(2m +1)x; V variable (fig. 3 et 4). 

Le milieu de la frange noire d’Young est centré sur la pupille P, qui est 
partagée en deux parties dont les amplitudes moyennes sont égales et de 
signe contraire. La courbe K= 

Fente = f(S) est de sens contraire 
à la précédente, mais les va- 
leurs de K obtenues pour S 
voisin de 0 (choérence voisine 
de —1) sont beaucoup plus pe- 
tites que précédemment. Dans 
les meilleures conditions expé- 
rimentales, nous avons obtenu 
des valeurs de la limite de 


difference de phase 


= x da 7 résolution 10 fois plus petites. 
4 S È que celles qui correspondent è. 
Isso: l’incohérence. En fait, la ré- 


solution est limitée, non par 
une baisse de contraste entre les deux parties de l’image, mais par une dimi- 
nution considérable de son intensité, qui la fait disparaitre, l’intensité décrois- 
sant comme la 4° puissance 
de s, dans le cas d’une pu- DI DIR pnl) cane 
pille carrée. On retrouve le 0,74 
fait signalé d’autre part par oc 
MM. MARÉCHAL et LACOMME, 
que l’amélioration de la limite 
de résolution coùte beaucoup 
de lumière (*). 

Remarquons que la lia- 
ison entre la position réelle 
des images et celle qui leur 
est assignée par la dioptrique 
de Gauss n’existe plus. On Fig. 6. 

a, en fait, une bipartition 

de la tache de diffraction, qui sera observée, méme avec un point objet uni- 
que, toutes les fois que la pupille recoit des flux dont les amplitudes mo- 
yennes sont égales et de signe contraire. 


3) V et © variables (fig. 5 et 6). 


Pour mettre en évidence l’effet de la phase, nous avons représenté les. 
courbes donnant les valeurs de A en fonction de 9, pour diverses valeurs de V. 


(*) Voir leur communication à pag. 354. 
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Elles ont une forme périodique de plus en plus aplatie lorsque V décroit, pour 
devenir une droite paralléle è l’axe des abscisses lorsque V= 0. Toutes ces 


courbes se coupent en un 
méme point d’abscisse z7/2. On è 
met ainsi en évidence une- 
deuxieme espéce d’incohé- 


x 


rence, indépendante des di- 4 eee & è Pee ts 


mensions de la source, et qui 
s’interprète par le fait que 
les deux vecteurs amplitude, 
étant en quadrature aux 
points P, et P,, ne réagissent 
pas ’un sur autre. 


Fig. 7. 


La fig. 7 montre le changement progressif de l’aspect de Vimage, pour 
V= 0,3, lorsque g varie de 0 (2° image ronde) & 7 (avant-dernière image 


La 
Ko 


is 
observateur FF ; 
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Fig. 8.- X point; * Fente (mesure faite sur frange 
blanche ou noire); © Fente (mesure faites entre une 
frange blanche et une frange noire). 


dédoublée), par sauts égaux 
a 7/10. La distance des points 
objets est égale a 1’ dare, 
la limite de résolution, cor- 
respondant à g = 0, est égale 
By ZI 


4) Représentation de 
l’ensemble des résultats (fig. 8 
et 9). 

Nous avons enfin vérifié 
que le facteur de cohérence 
définit la résolution,’ quelles 
que soient les valeurs indivi- 
duelles des deux termes qui 
le composent. Pour cela, nous 
avons reporté sur un graphi- 
que la totalité des points expé- 


rimentaux obtenus, en fonction du facteur de cohérence. Ces points correspondent, 
soit è une source circulaire, soit è une fente, pour diverses valeurs de V et 
de g. Si on excepte les points relatifs aux valeurs de y voisines de —1, pour 
lesquelles l'image était trop peu intense, les points expérimentaux se groupent 
effectivement sur une seule courbe, qu’on peut représenter par une hyperbole 


d’équation: 


(Vcosg+4,5) 


‘ 0,653 | 


12,25 


I 
a 
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K, étant la valeur mesurée de X lorsque les faisceaux sont incohérents. 


observateur AA 


=1 -0.5 o] 0,5 1 


Fig. 9.—X Point; ® Fente (mesure faite sur frange 
blanche ou noire; © Fente (mesure faite entre une 
frange blanche et une frange noire). 


Cette relation empirique per- 
met de calculer avec une pré- 
cision suffisante, dans les con- 
ditions d’éclairement utilisées, 
la limite de résolution de 
deux points. 

En résumé, les résultats 
obtenus ont permis, en con- 
firmant la validité et la géné- 
ralité du facteur de cohérence 
de phase de Zernike et Hop- 
kins, de mettre en évidence les 
propriétés particuliéres des 
fortes cohérences négatives et 
l’existence d’une incohérence 
de deuxieme espèce, qui se ma- 
nifeste lorsque les vibrations 
sont en quadrature. 


INTERVENTI E DISCUSSIONI 


[Voir J. M. OrtERO y NavasQues dans les « Interventi e discussioni » après la communi- 
cation de A. MARÉCH4L et P. Lacommn, pag. 357 (N.d.R)]. 
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Méthode d’optique pour la mesure des constantes 
diélectrique et magnétique complexes aux longueurs d’ondes 
centimétriques et millimétriques. 


J. BENOIT et T. E. TALPEY 


Faculté des Sciences de Grenoble - France. 


Aucune méthode d’optique n’a encore été décrite pour la détermination 
des propriétés des matériaux à la fois diélectriques et magnétiques. Nous avons 
estimé qu’il serait intéressant de mettre au point pour la région des ondes 
hertziennes qui se rapproche du domaine de l’optique un procédé permettant 
de mesurer la constante diélectrique et la perméabilité complexes définies par 


(1) e* = egk,(1—jtg0.), 


(2) u* = pokim(1 — J t& Om) - 


e, et 4 Sont les constantes habituelles du vide, k, est la constante di- 
électrique relative, %, la perméabilité relative, et 6,, 6, les angles de perte 
correspondants. 


Mesure de k, et k,,. 


On sait que si l’on envoie sur une plaque de diélectrique (fig. 1) un faisceau 
d’ondes planes polarisées parallélement au plan d’incidence, le faisceau réfléchi 
a une énergie minimum lorsque l’angle d’incidence a une valeur particu- 
liére 0,3. On appelle cet angle d’incidence brewstérienne. Quand les pertes 
sont petites la valeur de 0, satisfait la relation 


(3) Ra 


15 - Supplemento al Nuovo Cimento. 
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Cette valeur de 0, n’est réelle que si k, > k,,. Dans le cas contraire, l’incidence 
brewstérienne a lieu pour une onde polarisée perpendiculairement au plan 
d’incidence. 
Si maintenant on rend la polarisation de l’onde plane incidente perpendi- 
culaire au plan d’incidence et que l’on mesure le module |R,| du coeffi- 
cient de réflexion, on doit avoir si les pertes sont 
7, petites: 
1 ko + km 
an oe ee 


(4) 


On voit qu’on peut finalement éliminer k, et k,, 
Fig. 1. entre les relations (3) et (4). 

Il a été dit plus haut que ces dernières relations 
ne sont valables que si les pertes sont petites; pour fixer les idées, nous avons 
fait des calculs qui montrent que l’erreur sur k, ne dépasse pas 0,3% pour 
un matériau non magnétique tel que tg ò, = 0,1 et k, = 2,5. Pour un ma- 
tériau magnétique l’erreur est légèrement plus grande mais reste négligeable 
tant que tg (6,+6,,)/2 ne dépasse pas 0,1. 


Mesure de la somme des angles de perte. 


En mesurant maintenant le coefficient de transmission de la plaque de 
diélectrique sousl’incidence brewstérienne 
et pour la polarisation paralléle au plan 
d’incidence (fig. 2), on pourra calculer 
(6, + bm) par la relation 


Om À cos dx 
2 — And kn 


Ò. 
(5) tg Inr, 
ou d est l’épaisseur de la plaque et 7 le rapport de la puissance incidente a 
la puissance transmise. 


Séparation des pertes 6, et dm. 


Nous pouvons enfin mesurer sous l’incidence brewstérienne le rapport m, 
des modules des coefficients de réflexion pour les polarisations perpendicu- 
laire et paralléle au plan d’incidence. On peut démontrer la relation: 


- 2(k,—k J 2 Om 
(@) ke tg dia Kim tg Di = Sala. +(1 ae 2) Km tg? 0g tg co mee Ù 


v "v 
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Toutes les équations qui précèdent ont été obtenues en partant des for- 
mules de Fresnel et de la loi de Descartes généralisées pour les cas où e et 4 
sont complexes, et en se servant des analogies entre la propagation dans un 
milieu absorbant et la propagation le long d’une ligne ayant des pertes. 


Effet des réflexions multiples. 


Les valeurs v, et m, mentionnées dans ce qui précède étaient relatives à 
la réflexion sur la première face de la plaque étudiée. Or l’expérience fournira 
des valeurs u, et m, qui seront différentes des précédentes à cause des réflexions 
multiples & l’intérieur de la plaque. Une analyse du phénoméne montre que 


2B B? 
1-4 c0sf+— 


È 5 F TE 2 
7 w= u 
(7) ” 1—2B cos B + B?’ 


où 
k, 
(8) B = exp |— i cos? 9, Inr, 
Saale And 
(9) B = > k, cos Be 


Il est done clair que le calcul de k, et k,, & partir des relations (3), (4) et (7) 
ne peut se faire que par approximations successives. 

On commencera par supposer k, =1, ce qui donnera une valeur ap- 
prochée k, d’après (3). D’autre part en résolvant (7) par rapport & cos f: 


B2 
u8(1 + BY) — a2 (1 Te sa) 
fo) FORO a 2 B(u2 — 1) vi 


où u, et B, peuvent étre calculés d’après (4) et (8) où Von fait &, =1 et 
k,= Ie, On obtient ainsi une valeur f, qui permet de calculer une seconde 
approximation %,, d’après (9). On en déduit une valeur ky), d’après (3). On 
peut alors recommencer tout ce processus a partir de cette nouvelle valeur &,,,. 
L’expérience montre que pour les valeurs usuelles de k, et kp, ce procédé de 
calcul converge très rapidement. Ayant ainsi calculé k, et k,, il est enfin pos- 
sible de déterminer immédiatement m, à partir de m, par la relation 


2B B? 
(11) mì = mi 1— 008 BR 


Dès lors, le calcul des pertes découle des relations (5) et (6). 
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Description de l’appareillage. 


La fig. 3 réprésente l’ensemble de l’appareillage. On y voit au centre le 


matériau étudié sous forme d’une lame à faces paralléles maintenue vertica- 


Fig. 3.- Ensemble de l’appareillage. 


lement sur un socle tournant solidaire d’un bras métallique mùni d’un index 
pour la mesure de la position angulaire de la plaque. A gauche on apercgoit 
l’ensemble émetteur dont le cornet rayonne une onde quasi plane; cet émetteur 


Fig. 4.— Ensemble émetteur. 


est fixé sur un bras tournant autour de 
l’axe central du système. A droite, est situé 
Vensemble récepteur (cornet récepteur et 
détection) fixé à un troisiéme bras mobile. 
La position angulaire des trois bras est re- 
pérable à 1/10 de degré près. 

On apergoit en avant du cornet réce- 
pteur une plaque de bakélite. Cette plaque 
ayant des pertes diélectriques notables, at- 
ténue fortement le système d’ondes station- 
naires qui pourrait se former par réflexions 
multiples entre les deux cornets; comme 
d’autre part elle est fixée sur le faisceau 
réfléchi sous l’incidence brewstérienne rela- 
tive a la bakélite, elle n’introduit pas de 
réflexions parasites. 
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La fig. 4 représente l’ensemble émetteur vu de plus pres. Un klystron 
fournit une longueur d’onde de 8,4 mm è l’entrée d’un guide rectangulaire. 
L’énergie traverse un atténuateur a lame 
absorbante mobile, passe devant un onde- 
métre coaxial à absorption, arrive sur un 
adaptateur d’impédance à vis mobile en 
profondeur et longitudinalement. Enfin 
elle est rayonnée par un cornet pyrami- 
dal. L’ensemble peut tourner autour d’un 
axe horizontal de sorte que le champ 
électrique rayonné peut avoir une polari- 
sation rectiligne verticale ou horizontale. 
Les dimensions internes de 1’ onde- 
métre coaxial sont assez petites pour Fig. 5. — Ensemble récepteur. 
éviter les modes supérieurs; on ob- 
tient directement Ja longueur d’onde avec une fidélité de 1/100 mm. 

La fig. 5 représente l’ensemble récepteur. L’énergie entre dans le cornet, 
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traverse un atténuateur étalonné et arrive sur un cristal détecteur au silicium 
relié à un galvanomètre très sensible. On apercoit aussi une téte micromè- 
trique qui permet de reculer ou d’avancer l’ensemble de 4/4. Ce dispositif 
accessoire est nécessaire pour corriger l’effet du résidu d’ondes stationnaires 
dù aux réflexions entre cornets, qui subsiste malgré la présence de la plaque 
de bakélite signalée plus haut. On peut en effet démontrer que si l’on mesure 
la réponse du détecteur puis la réponse après avoir reculé le récepteur de 7/4, 
la moyenne de ces deux lectures donne presque rigoureusement la réponse 
que l’on aurait eu s’il n’y avait pas de réflexions entre cornets. 

L’atténuateur étalonnée répond au schéma de la fig. 6; l’énergie arrivant 
du cornet récepteur par un guide rectangulaire se présente à l’entrée d’un 
guide circulaire du type H, (7,1) de diamétre bien calibré et tel qu'il y ait 
coupure. L’énergie y est atténuée. Une tige de polystyrène coulisse aussi juste 
que possible dans ce tube; là où il y a du polystyrène, il n’y a plus coupure 
de sorte que l’énergie peut alors continuer son chemin et sortir par un guide 
rectangulaire transversal relié à un détecteur. L’atténuation théorique est de 
5,8 db par mm de déplacement de la tige de polystyrene; l’expérience a vérifié 
ce chiffre prévu. Ajoutons enfin qu’on a contròlé que la loi de détection du 
cristal est quadratique. 


Vérifications expérimentales. 


A titre de contròle de la méthode et de l’appareillage, on a mesuré divers 
diélectriques usuels afin de vérifier que la perméabilité trouvée est bien égale 


TABLEAU I. 
Matériaux k, Ie ete on! | No tg Sm 
| | | | 
p Bakélite,. Pali AR SRI ee, SOSIA] _ 00526 1 20;966),1 0 | 
Verre KOS | 7,24 0,0234 |. 0,992 | 0 | 
IRENE Ty seo a oll 2,46 néeligea bled - | -- | 
IMIE'OLY5t ya @ DOME RO mea. 2552 =} .0,0092 | —_ | — 


à l’unité aux erreurs expérimentales près. On a, bien entendu, choisi des plaques 
assez grandes pour ne pas étre géné par la diffraction sur les bords. 

La dispersion des résultats dans une série de 5 mesures ne dépasse pas 
+ 6%. Pour la paraffine et le polystyrene, la précision des mesures ne per- 
mettait pas un calcul de k,,. 

Finalement, la méthode et l’appareillage décrites seront utilisés pour l’étude 
de poudres magnétiques dispersées dans un diélectrique. 
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INTERVENTI E DISCUSSIONI 


HG. ZUCKER: 


Do you think you might be able, with your method, to measure conductivities 
of the order of 104 mho/meter? 


== "Is 1, AUmeiives 


We have carried out a numerical calculation of the error which may occur in our 
measurements of the Brewster angle because of losses. These calculations show that 
for a non-magnetic dielectric with k, = 2,5 the error in k, when calculated from 
tg? 9, =k, is about 0,3% when tg 6, = 0,1. More extensive calculations show that 
te (6, +6n)/2 equal to about 0,1 is the upper limit of the validity of our methods in 
general. However, slightly higher values of tg 6, are permissable if the material is 
non-magnetic. The conductivity stated by Mr. Zucker would place his material 
over the upper limit of our methods. In effect this is a method for low loss materials 
in its present form. 


— M. ABELE: 


I would point out the importance of the contact between the dielectric rod and 
the inner surface of the cylindrical wave-guide of the attenuator. 


— J. BENOIT: 

La tige de polystyréne et le guide circulaire où elle coulisse ont été mécaniquement 
travaillés de facon & avoir le meilleur contact possible. Aucun effet nuisible du film 
d’air résiduel n’a été décelé. La courbe d’atténuation est bien linéaire et le coefficient 
d’atténuation par millimétre est trouvé égal a la valeur calculable théoriquement. 
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A Microwave Spectroscope for the 1,25 cm Wave Region. 


J. C. VAN DEN BoscH and F. BRUIN 


Zeeman Laboratory of the University of Amsterdam. 


Introduction. 


Because of the development in radar technics during the second world 
war, a new branch of spectroscopic research work could be started in 1945. 
Then there were methods developed of exciting and of detecting electromagnetic 
waves of a few cm. Several microwave spectrographs for the 1,25 and 3 cm 
wave regions were designed and used to extend our knowledge about transitions 
in molecules and atoms, which lead to a better understanding of the structure 
of them. 

CLEETON and WILLIAMS (1) were the first research workers, who detected 
an absorption band at 1,25 cm wavelength in the spectrum of NH, vapor. After 
1945 several others have succeeded in resolving this absorption band in its 
fine structure at a much lower pressure of the NH; vapor using klystrons 
instead of the magnetrons used by CLEETON and WILLIAMS. The result is 
that the fine structure lines of this absorption band may be used now as se- 
condary standards for this region. 

As we decided to extend the spectroscopic research work in the Zeeman 
laboratory into the cm wave region, the first thing we had to do, was to build 
a microwave spectrograph for the 1,25 cm wave region. With the NH, in- 
version lines we should be able to use this as a standard for research work 
in other molecular spectra. 

After having given a summary on the theory of the NH; inversion spectrum, 
in this paper we will describe the microwave spectrograph we were able to 
build with the help of the Research Laboratory of Electronics of M.I.T. (U.S.A.). 
This institute was so kind to put at our disposal several drawings of mecha- 
nical and electronic units, which gave us a good start. 


(1) C. E. CLEETON and N. H. WiLLIaMSs: Phys. Rev., 45, 234 (1934). 
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The inversion spectrum of NH,. 


The results of observations in the infrared and far infrared obtained by 
BAGGER and CARTWRIGHT (*), WRIGHT and RANDALL (5), BARNES (‘), and 
FoLey and RANDALL (5), already pointed out that the lines of a certain vi- 
bration-rotation band and of the pure rotation band are double with a dif- 
ference between the wavenumbers of the lines of about 1,33 cm-1. So the 
rotational levels must be double with a distance of half this amount. This 
can be explained from the fact that the NH; molecule has the form of a pyramid, 
in which the N atom has two equilibrium positions. A wave mechanical 
treatment of this problem, the well known two minima problem, leads to the 
result that the rotational levels in the NH; molecule are double. This theory 
was given by Morse and STUECKELBERG (*), MANNING (7), DENNISON and 
UHLENBECK (5), and SHENG, BARKER and DENNISON (°). Especially SHENG, 
BARKER and DENNISON gave the theory, based on the experimental results 
obtained in the red and infrared spectra, which predicted a fine structure 
in the absorption band near 1,25 cm. This fine structure was first resolved 
by BLEANEY and PENROSE (7°), Goop (1) and TownEs (32) in 1946. Theory 
and experiment were in excellent agreement. 

A molecule with n atoms (n> 2) has 3n—6 vibrational degrees of free- 
dom. So in NH; there are 6 normal vibrations, four of which are non-dege- 
nerate. Two of those normal vibrations are symmetric with respect to the 
symmetry axis of the molecule. It is especially one of those where the influence 
of the inversion effect is very large, because of the fact that the potential 
barrier between the two equilibrium positions of the N atom changes much 
during the vibration. This normal vibration is called the », vibration. The 
groundlevels for all normal vibrations are double with a distance of 0,66 em-1. 
For the first excited state of the », vibration, this distance is 35,84 cm and 
for the second excited state 312,5 cm, while for the first excited state of 


(?) R. M. BapGER and C. H. CARTWRIGHT: Phys. Rev., 33, 692 (1929). 

(3) N. WRIGHT and H. M. RANDALL: Phys. Rev., 44, 391 (1933). 

(4) R. B. BARNES: Phys. Rev., 47, 658 (1935). 

(5) H. M. FoLey and H. M. RANDpALL: Phys. Rev., 59, 171 (1941). 

(6) P. M. Morse and E. C. G. StùcKELBERG: Helv. Phys. Acta, 4, 335 (1931). 
(7) M. F. Mannine: Journ. Chem. Phys., 3, 136 (1935). 

(8) D. M. DeNNISON and G. E. UHLENBECK: Phys. Rev., 41, 313 (1932). 

(9) H. Y. SHeNG, E. F. BARKER and D. M. DENNISON: Phys. Rev., 60, 786 (1941). 
(1°) B. BLeANEy and R. P. PenROSE: Nature, 157, 339 (1946). 

(11) W. E. Goop: Phys. Rev., 70, 213 (1946). 

(2) CH. H. Townes: Phys. Rev., 70, 665 (1946). 
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the other normal vibration (v,), whicb is symmetric with respect to the sym- 
metry axis of the molecule, this distance is only 1 cm. 

The theoreticians, mentioned above, gave an explanation of the inversion 
effect, each one of them proposing a certain potential energy curve for the 
N atom as a function of the distance of this atom to the plane of the H atoms. 

It is not only the vibrational state, on which the inversion effect is de- 
pendent. The rotational state of the atom has its influence too, because of 
the centrifugal distortion of the molecule during tbe rotation. That is to say 
the height of the potential barrier depends on the rotational quantum numbers J 
and X. So in the same vibrational state, the inversion doubling for the dif- 
ferent rotational states is not the same. This dependence of the inversion 
doubling on the rotational quantum numbers results in the fine structure of 
the absorption band and was explained.by the theory given by SHENG, BARKER 
and DENNISON (9). 


Experimental part. 


Fig. 1 gives a diagram of the experimental set-up we used for detecting 
the absorption band of the NH; molecule at 1,25 cm wave length. The oscil- 


lator we used is a 2K33 re- 
WAVEMETER NH, PUMP pei Fi 
4 FILTER 
2 (j__10m È È) 
ae oe BU 
Ks RYSTAL Î 


flex klystron, which can be 
tuned mechanically from 
ATT. c 
MCLEOD 
STABILISED 


22500 to 25500 MHz. The 
POWER SUPPLY 


reflector voltage of the kly- il gil tallhe 
stron is modulated by a 
saw-tooth generator, the fre- 
quency of which is 2000 Hz. 


The energy coming from the 


oscillator is sent through an 

x HT OSCILLOSCOPE 
attenuator to get rid of the 
influence of reflections in tbe 
wave guide on the oscillation Fig. 1. — Diagram of a microwave spectrograph 
of the klystron as much as for the K-band. 


possible. It then goes through 
a 2m absorption cell with mica windows at both ends, to a crystal detector. 
The rectified signal is sent from the crystal through a high-pass filter to a 
low frequency amplifier and from there to a commercial oscilloscope. We 
used the filter to have no trouble with low frequency noise, for instance of 
the pump motor, which was picked up by the crystal. 

As the frequency band of the klystron is 40 MHz only, and because of 
the fact, that the NH, inversion lines have a width of a few MHz at low pres- 
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sure and are much farther apart from each other than 40 MHz, it is difficult 
to find the lines on the screen of the oscilloscope. Moreover the pressure of 
the NH, vapor has to be 0,5 mm Hg to resolve the fine structure of the ab- 
sorption band. But then the absorption has become small, and the lines can 
only be detected with an amplifier with a high amplification factor, so that 
you get into trouble with the amplified disturbances. 

As we had no standard frequencies at our disposal, and as the setting of 
the tuning screw of the klystron is not reproducible, we first tried to get a 
general idea of the inversion spectrum in the region, in which the klystron 
could be tuned. We therefore measured the absorption of the NH, vapor 
at a pressure of about 3 cm Hg by measuring the height of the mode without 
and with NH, in the absorption cell. This was done setting the tuning screw 
at different positions. Fiom the ratios of the two beights the absorption 
coefficient can be computed. The curve we got, when we plotted this ratio 
as a function of the position of the tuning screw as a frequency scale, gave a 
general idea of the inversion spectrum in this region. 

With a wavemeter of the cavity type, which we designed and made for 
this purpose, we detected the inversion lines in the following way. By mea- 
suring the dimensions of this wavemeter roughly and by using the formula 


1 (AY Lye 


ese 
=. | ma al ì 


in which e is the velocity of light, a is the radius of the cylindrical cavity 
and J is the length of the cavity, for the frequency of a cavity resonator in 
the H, vibration mode, we could calculate the position of the pluvger for 
the known frequency of a given inversion line of the NH, spectrum. We 
chose for this purpose the 4-4 line (that is J = 4, K=4)ata frequency of 
24 139,45 MHz (1°). 

Now the course of the experiment was as follows. The klystron is oscil- 
lating continuously, and the voltage across the crystal detector is measured 
with a sensitive galvanometer. We put the tuning screw at a position so that 
the frequency of the klystron is about that of the 4-4 line. We are able to 
confirm that with the wavemeter, the plunger of which should then be at a po- 
sition in the neighbourhood of that calculated for the 4-4 line. This measure- 
ment has been repeated several times increasing the frequency cf the klystron, 
and each time reading the position of the plunger of the wavemeter. We took 
care to measure the absorption at positions of the plunger at both sides of 


(3) P. Kistivr and Ca. H. Towxes: Journal Res. Bur. Stand., 44, 611 (1950): 
see in particular pag. 625. 
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that calculated for the 4-4 line. From these measurements we determined 
the position of the plunger for which the absorption by the NH, vapor was 
a maximum. To determine this maximum as accurately as possible we re- 
peated the procedure at lower pressure of the NH, vapor. Fig. 2 gives tbe 
results of these measurements at different pressures. On the horizontal axis 
has been put the position of the plunger of the wavemetcr with respect 
to that for which the absorption is a maximum. 

Having determined the po- 
sition of the tuning screw of 
the klystron for the frequency 
of the 4-4 line of the spectrum, 
it was not difficult to get the 
absorption pip on the screen of 
the oscilloscope, when we re- 
turned to the first experiment. 
The pressure was decreased to 
0,1 mm Hg, at which pressure 
we were able to determine 10 
lines of the spectrum in the re- 
gion from 22 500 to 25 500 MHz. 
Fig. 2. — The inversion spectrum of NH, in the Fig. 3 shows the readings of the 
neighbourhood of the 4-4 line at different pressures. wayemeter for these 10 lines. 

Fig. 4 shows the 4-4 line at 
different pressures of the NH, 


1p$0.5 MHz 


(10,9) (4,4) 
24205 MHz 24139 MHz 


READING WAVEMETER ABS.COEr:. 


a vapor. The frequencies of the 
observed lines are (18): 
Rotational quantum 
arene Frequency 
I (MHz) 
J | K 
| 
ag 3 22 688,24 
| 6 5 22732,45 
3 2 22 834,10 
7 Sco 22 924,91 
22 23 24 25 26 | 2 1 23 098,78 
FREQUENCY | 
ees 2 2 23 722,61 
Fig. 3. — Reading of the wavemeter as a function 3 | 3 23.870,11 
of the frequency with the inversion lines. 4 | 4 | 24139,45 
5 5 | 24532,94 
| 
As it was our purpose to test our 2 € HARON: 


equipment and to make a microwave 
spectrograph for this region, which was able to give results as good as 
those given in the literature, we had to try to detect the hyperfine-stru- 
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cture of the lines too, as this was done already before by Goon (!!), Gorpy and 
KESSLER (14) and others (15). 

The hyperfine structure of the lines consist of four satellites, two of which 
on each side of the main line, and symmetric with respect to the position of 
this one. This was first detected by Goon (4), and theoretically explained 
by VAN VLECK (1%). The compo- 

nents result from an interaction (4,4) a screen 
between the electric. quadrupole 
moment of the “N nucleus and 
the electric field of the other 
atoms in the molecule at the place 
of this nucleus. As we detect 
transitions between levels with 
the same J and K value for both 
of them, the splitting of each of 
these levels as a result of the 
interaction is exactly the same. 24139,45 
Namely the distances of the new i 


levels to the center of gravity are Fig. 4. — Picture of the 4-4 line, as it ap- 
only dependent on J, K and I peared on the oscilloscope screen at different 
‘ i pressures. 


0,25 mm Hg 
0,20 


0,14 


. MHz 
—— 


last of which is the quantum- 
number of the spin movement 
of the !4N nucleus. Applying the selection rule for the inversion transitions 
one finds, except the main line, four symmetrically placed satellites of much 
lower intensity. The outer satellites are not more than 5 MHz apart from 
each other. As the pressure has to be as low as 0,01 mm Hg, and as the si- 
gnal has become small at that pressure, we had to improve the spectrograph 
before trying to detect the hyperfine structure of the lines. 
The improvements were the following ones: 


1) The absorption cell was made 10 m long, to get a stronger signal. 
There are difficulties connected with the use of a longer absorption cell. One 
of these is an interferometric effect, which we indeed observed (17). 


2) The microphonie effect of the klystron was decreased by mounting 
the klystron vibrationless as much as possible. 


(ee 


) 
() 
) 


(9 


W. Gorpy and M. KessLER: Phys. Rev., 71, 640 (1947). 
R. J. Watts and D. WiLLIiaMs: Phys. Rev., 72, 263 (1947). 
B. P. DarLEy, R. L. KyHt, M. W. P. StRANDBERG, J. H. vAN VLECK and 
E. B. Wirson, jr.: Phys. Rev., 70, 984 (1946). 
(1?) J. C. vAN DEN BoscH and F. Bruin: in this issue, pag. 245. 
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3) The amplitude of the modulation of the reflector voltage was decreased 
to get a smaller pact of the mode on the screen of the oscilloscope. 


4) The gain of the amplifier was increased. 


Measurements were made at a pressure of 0,01 mm Hg. This was made 
possible by the improvements 1-4. 

We chose again the 4-4 line for our experiment. After we saw this line 
on the oscilloscope at a pressure of 0,1 mm Hg we decreased the pressure of 
the NH, vapor by conti- 
nuously pumping. At a pres- 
sure of about 0,01 mm the 
satellites of the line appeared 
symmetrically with respect to 
the main line. Fig. 5 shows 
this result. It was not dif- 
ficult to detect the hyperfine 
structure of some other lines 
too, for instance of the 3-3 
and 6-6 lines. 

With these results we may 
say that we have at our di- 
sposal. a microwave spectro- 
graph for the K band, wich 
Fig. 5. — The 4-4 line with its hyperfine structure. gives reliable results. Ne- 

vertheless we will try to make 

some other improvements, for 
instance in the ele tronic equipment of the set-up and by using instead of 
10 m 1,25 cm wave guide, 5m 3 cm wave guide. Moreover we will extend 
the region in which we can measure molecular transitions by using another 
klystron, which can be tuned from 18000 MHz to 22000 MHz. 

Then we will be able to make measurements in all kinds of molecular spectra 
in the region from 18000 MHz to 25500 MHz. 


This work is financially supported by the Stichting voor Fundamenteel 
Onderzoek der Materie in the Netherlands. 

The authors wish to express their sincere thanks to Prof. Dr. C. J. BAKKER 
for his interest in this work. 
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1. — Introduction. 


It is well known that a multifold reflected wave between two parallel flat 
boundaries, the plates, can give rise to an interference pattern of sharp maxima 
and flat minima (or vice versa) in intensity. From a treatment given by 
ATRY (+) in 1831 already it follows that. one can derive the main features of 
such a phenomenon without taking into account any special properties of 
the waves such as phase jumps at the plates or polarization effects. This 
means that, irrespective of the wavelength region under observation, the reso- 
nance curve of fig. 1 being given by formula (1) will be representative for a 
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Fig. 1. — Interference pattern of an interferometer. J is the intensity of the waves, 
n is the distance in wavelengths between the plates (if n is an integer we use m,) and f 
is a dimensionless quantity between 0 and 1 which characterizes the interferometer. 


(1) G. B. Arry: Mathematical Tracts (Cambridge, 1831), p. 301, (ibid., 1858), p. 295. 
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very wide field of experiments, if mainly interference between two parallel 
boundaries is involved. 

As typical examples we mention the étalon of Fabry and Pérot in optics, 
the Pierce-interferometer in ultrasonics and many arrangements with wave- 
guide-and cavity-resonators in acoustics and microwave techniques. As 
follows from (1) the shape of the curve is determined by the. parameter f. 
In case f is very small (1) may be reduced to the well known sinusoidal standing 
wave pattern. This is what was observed in the very first optical experiments 
because of the small reflection coefficient of glass plates. However, we shall 
be interested in the case that f is nearly unity, which might be regarded as 
a condition for a good interferometer. Instead of describing the main features 
of the resonance curve by means of f, in practice other quantities are used, 
such as the resolving power £, the quality factor Q, the effective number of 
reflections m, and the dispersion ratio D. How these quantities are related 
to f and to each other is given by (2) and (3) in fig. 1. As R and Q and also 
m, and D are equivalent it would be advisable to maintain only one of each 
couple, say Q and D, for general use. o, is the resonance wavenumber, Ao, 
is the half value width of the peaks. o, is called the spectral range, L being 
the optical distance between the plates. 


2. — Determination and use of f. 


Except from the direct determination of Q or D, f also follows from the 
ratio of maximum and minimum intensity, which is equal to 


4 
(5) aG—f®’ 
f is determined by the (complex) refraction index of the medium and the 
reflective power of the plates, but generally the apparatus is built in such a 
way that one of them is known and can be eliminated. It was shown by 
BLEANEY (?) for the case of a cavity resonator that, if a quality Q; corresponds 
with an independent influence number 7, one may write for the total quality 


(6) 1/Q = 31/9, Q:>1. 


Formula (6), which is true for any interferometer with multifold reflection, 
supplies a way to evaluate each @; separately. 


(?) B. BLEANEy and R. P. PENROSE: Proc. Roy. Soc., A &9, 158 (1947); Proc. 
Phys. Soc., 59, 418 (1947). 
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We now mention the different physical quantities one can obtain by de- 
termining f. 
a) If losses are negligible and the polished flat boundaries of the solid 
transparent medium are not coated one can obtain the refractive index N 
of this medium from 


o oe 


From this relation also the dielectric constant k may be found. In the micro- 
wave region Pow rs (*) followed this method for ceramic materials for which k 
is large. Then 


(8) i 

(oF) 
and thus follows immediately from the intensity ratio (5) of the resonance curve. 
In his experiment the material filled a section of waveguide and the waves, 
which were transmitted after multifold reflection, were detected as a function 
of the wavelength. 

The dielectric constant of gases can be obtained by measuring the shift 
of the resonance curve when gas is inserted between the plates. This well 
known method was used in the Zeeman Laboratory for CO, and NH, by PRINS, 
who compared the resonant frequencies of an empty invar cavity resonator 
with a second one filled with these gases. 

b) If losses in the medium are predominant we have 


(9) aL —1—f, 


L being, as before, the optical distance between the plates and « being the 
absorption coefficient of the medium. It might seem obvious that in this case 
one should make the distance L as long as possible in order to make reflection 
losses negligible, whereas in the method of Powles one should strive for the 
opposite. However, in the microwave region the first conclusion is misleading 
as in this case a considerable fraction of the losses may arise from the guiding 
walls. As a result absorption measurements in a long guide or in a cavity 
resonator are practically equivalent. 

The absorption coefficient of gases can also be obtained by measuring the 
change of Q when gas is inserted between tbe plates. This was first pointed 
out by BLEANEY, who applied this method to NH; at 1 cm wavelength. 


(3) J. G. PowLEs: Nature, 161, 25 (1948). 
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3. — Measurement of wavelength. 


Except for the direct determination of properties of matter, interferometers 
are mainly used to express a certain distance in wavelenghts. In optical and 
infrared experiments generally the wavelength is varied and the distance L 
is kept fixed, whereas in microwave experiments L is varied in such a way 
as to keep the system at resonance. If 4 is varied with an amount dA the 
variation of L necessary to keep the interferometer at resonance is given by 


(10) dL da (e) L 2 ‘a da 


iF 2 NE Fe 


A, being the wavelength perpendicular to the plates. If the medium is air 
the variation of N with wavelength (not with pressure) can often be neglected. 
This formula also gives the relative shift of the standing wave pattern of a. 
once reflected wave due to a change in 4. 

In spectroscopy the fixed system is used to detect or to measure small 
differences in wavelength. This is done by interpolation, using the interfer- 
ence maxima as markers of 
a wavelength scale, or by 
simply counting the number 
of peaks passing by. Unde- 
sired reflections against the 
mica windows of the ab- 
sorption cell of our 1,25 cm 
spectrometer lead to a more 
detailed investigation of the 
resulting interference pheno- 
menon. In the one as well 
as in the three cm region we 
studied reflections between 
mica windows which were 


coated with a very thin 
silver layer. The transmitted 


Fig. 2. — Interference curve of long waveguide sy- 

stem superimposed on a mode of a 2K33 klystron. intensity is shown in fig. 2. 

Time base frequency 2 kHz. The curve is distor- This oscilloscope picture 

ted a little due to the high-pass filter < ne i e et 
1e to the high-pass filter at the input shows a mode of a 2K33 


of the video amplifier. : = 
klystron oscillator which was 


saw-tooth modulated. In the 
case of silver coated windows a strong interference pattern is seen. With clean 
but not properly matched windows the other curve results which still shows 
a slightly wavy character. As the distance between the windows is 10 m 
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and A = 1,25 cm the distance between two successive peaks is about 6 MHz, 
while their Q factor is about 6000. In the case of microwaves such a pattern 
can also be obtained by replacing the windows by metal obstacles such as 
small screws. However, then the distance Z is not sharply defined and this 
will tend to smooth out the peaks. 

As this interference pattern is directly visible on an oscilloscope we now 
have a very convenient wavelength scale at our disposal. It shows for 
instance immediately that our time base is not linear in wavelength. If one 
deforms the cavity of the 2K33 one can tell in which band one is simply by 
counting the peaks that pass by. In the same way one can determine the 
refractive index of a gas. 

In the Laboratory of Physical Chemistry in Amsterdam VEDDER uses a rock- 
salt cuvette, its plates being at 0,2 mm distance, as an étalon for the infrared 
spectrometer. When running through a possible region (8-13 uw) the plots 
show a very marked sinusoidal modulation, which is used as a convenient 
calibration of the instrument. Up till now no silver coating was used but 
experiments of this kind are under preparation. 


4. — Comparison of étalon and cavity or waveguide; limit of resolving power. 


Although the étalon and the cavity or waveguide interferometer have 
much in common there is one striking difference. In order to be able to observe 
the interference in optics it proves to be necessary to use a divergent beam 
of light. In principle the same arrangement could be used in the microwave 
region. However, as one wants to avoid diffraction problems this would result 
in the use of unpractically large plates. Therefore in this case the waves are 
«folded up » by a third boundary, being a circular or rectangular metal tube. 
It can be shown that the divergence of this guided beam will have a specified 
value fixed by the dimensions of the cavity or waveguide and by the wave- 
length. The angular dispersion which in the optical case reaches a maximum 
for the central ring of the interference pattern, will now lose its significance. 
Instead it is replaced by an expression containing the cut-off wavelength A, 
of the system. A disadvantage of the guide is that its dimensions must be 
accurately known in order to determine the wavelength. Concerning however 
the ease of handling the guided system is certainly in favour of the classical 
étalon. A so-called compound interferometer for instance, an optical instrument 
which is most difficult to construct, might easily be built from microwave 
components. 

It was already realized by FizeAu that the number of the properly inter- 
fering waves may be limited by the finite length of the wavetrain. When a 
radiation quantum is used from head to tail this natural uncertainty in wave- 
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length will determine the resolving power. For light waves this limit is actually 
reached (R~107). In the microwave region we have oscillators which can 
generate waves for days. As their frequency is easily varied one can feed 
back the interferometer output to the oscillator and thus supply the latter 
with the far better resolving power of the interferometer. Therefore in this 
region it might be better to choose a natural oscillator as an absolute wave- 
length standard, but to take a feed-back system for relative wavelength deter- 
minations. 

The fact that the plates are not compietely flat will only cause trouble 
‘ in the infrared for which region polishing of the material ‘is difficult. As 
roughly speaking theoretically the flatness of the plates can be made the same 
for any wavelength region, the limit of the dispersion ratio D of the inter- 
ferometer due to this cause will increase with wavelength, being 25 in the 
optical and 105 in the microwave region. Even if the plates were perfectly 
flat and parallel the resolving power of the interferometer would still be subject 
to a natural «noise » limit. Several workers calculated this limit for the micro- 
wave region (4) and it is not difficult to show that their results may be applied 
generally. However, in practice this limit is far from being reached and we 
shall not consider it here. 


This work is part of the research program under the guidance of Prof. Dr. C. 
J. BAKKER. It was financially supported by the dutch foundation Funda- 
mental Research of Matter. One of the authors (F. B.) wishes to thank the 
N.Y. Philips’ Laboratories, Findhoven, Holland, which made his contribution 
possible. It is intended that the subject of this paper will be described in 
some greater detail in the dutch monthly Physica. 


(4) W. Gorpy: Rev. Mod. Phys., 20, 668 (1948). 


INTERVENTI E DISCUSSIONI 


— I. G. MORGAN: 
Could the author add any further information on the attenuation to be expected 
through the silvered mica windows for any particular reflection coefficient? 


— F. BRUIN: 

Although in general a high reflection coefficient is to be preferred this is not essential 
when using a long wave guide, as the latter gives rise to considerable losses already. 
The silver coating should be well transparent to light but its maximum thickness is 
to be found by trial and error. We did no measurements on the attenuation. 
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L’ottica al servizio delle microonde. 


N. CARRARA 


Centro di Studio per la Fisica delle Microonde - Firenze 


1. — Premessa. 


Nel 1897 A. RicHI esponeva nel volume Ottica delle oscillazioni elettriche 
una numerosa serie di esperienze, rivolte a dimostrare l’analogia fra i feno- 
meni dipendenti dalle oscillazioni elettriche e quelli dell’ottica. Le conoscenze, 
già allora molto approfondite, nel campo dell’ottica, servirono così, per la prima 
volta, da guida per esplorarne uno nuovo e vastissimo, quello delle onde 
elettromagnetiche. 

In seguito all’enorme sviluppo raggiunto attualmente dalla tecnica delle 
onde elettromagnetiche centimetriche o microonde, è possibile non solo ripe- 
tere le esperienze del RiGHI, ma anche eseguirne molte altre, che pur preve- 
dibili nell’ottica, non sarebbero riproducibili con i mezzi ottici ordinari. 

In linea generale possiamo dunque affermare che l’ottica ha indicato molti 
studi fecondi da eseguire nel campo delle onde centimetriche. In questa rela- 
zione ricorderemo quelli dedicati ai mezzi dispersivi metallici, alle onde eva- 
nescenti, alle azioni meccaniche delle onde polarizzate ellitticamente, alla pro- 
pagazione in strutture periodiche, alla relatività nella propagazione in guide 
d’onda. 

Una speciale menzione merita la spettroscopia molecolare con microonde, 
che ha già fornito risultati di grande interesse nello studio della struttura della 
materia. 


2. — Mezzi dispersivi metallici. 
È noto (1) che fra due superficie piane parallele perfettamente conduttrici, 


il campo elettromagnetico può propagarsi in infiniti modi appartenenti a due: 
tipi: TE (trasversali elettrici) quando il campo elettrico E ha direzione invaria- 


(1) Vedasi, ad esempio, J.S. SLATER: Microwave transmission (New York, 1942), p. 124. 
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bile, parallela alle superficie conduttrici; TM quando ciò accade per il campo 
magnetico H. Nel primo caso il campo e.m. si propaga in direzione (2) normale 
ad E; nel secondo si propaga in direzione normale ad H. 

La velocità di fase secondo z per i modi TE è: 


1 1 


(1) is 


ove £, 4 sono le costanti dielettrica e. magnetica del mezzo interposto fra le 
. superficie, che supponiamo perfetto (conduttività o = 0), b è la distanza fra 
le due superficie conduttrici; A la lunghezza d’onda che il campo e.m. assu- 
merebbe nel dielettrico illimitato, ove si propagherebbe con velocità ¢)=1 Neu; 
n un intero qualunque. Vi sono dunque infiniti modi TE, che si indicano col 
simbolo TE,,. Ciascun modo è caratterizzato dall’esistenza di una lunghezza 
d’onda critica per la quale V 1 — (n4/2b)? — 0, cioè: 


(3) fe = 


Per 4< ., cioè f> f, il campo e.m. si propaga fra le superficie conduttrici 
con velocità v sempre maggiore di co. Per 2— A, (f >f,) la velocità v tende 
all’infinito. Per 2> A, (f< f.) la velocità è immaginaria, cioè il campo non 
si propaga, è stazionario, e si attenua al crescere della 2: si tratta allora di 
onde evanescenti. È possibile definire l’impedenza caratteristica della dispo- 


sizione considerata (superficie conduttrici-dielettrico): 


(4) ed (ipa = 
€ na\2 
\—(3) 
si osserva che tale impedenza è per ciascun modo, proporzionale alla velocità 
di fase. 


Si presenta anche spontaneamente la definizione di indice di rifrazione del 
sistema: 


Teta Vocal 
(5) n= (55) -|:-(7). 


Analoghe conclusioni valgono per i modi TM, distinguibili l’uno dall’altro 
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per un numero intero n: modi TM,,. Notevole il fatto che per il. modo TMw 

la propagazione avviene esattamente come nel dielettrico illimitato. 
Limitandosi a considerare la propagazione secondo modi TE,,, la possi- 
bilità di definire un indice di rifrazione, suggerisce che un fascio di superficie 
conduttrici parallele, con equidistanza 6b, costituisce un «mezzo » dispersivo, 
per onde polarizzate rettilineamente col vettore elettrico 


3 * parallelo alla comune giacitura delle superficie stesse. Per 
{ ogni modo l’indice sarà reale, e sempre minore dell’unità, 
pesco se A<A,. Con mezzi siffatti, si potranno attuare lenti, 
VR i prismi, e così via, suscettibili di essere calcolati con i metodi 
a dell’ottica ordinaria (2). Il Centro di Studio per la Fisica 
= delle Microonde, di Firenze, ha compiuto lunghe, accurate ri- 


x cerche in questo campo (*). 

Consideriamo ad esempio il caso (fig. 1) di una lamina a 
facce, a, a’, parallele, attuata con un-fascio di strisce metal- 
liche parallele fra loro .e normali alle facce della lamina; 
supponiamo inoltre che la lamina sia situata nel vuoto, e vuoto sia 
anche lo spazio fra le strisce metalliche. Un fascio di onde elettromagnetiche 
piane, polarizzate rettilineamente, col vettore elettrico parallelo ad una qua- 
lunque intersezione fra le strisce e le facce della lamina, incida sulla faccia a 
con angolo di incidenza 0,. Nel caso della figura il vettore elettrico è normale 
al piano di incidenza. Il fascio di onde incidenti dà luogo ad un fascio di onde 
riflesse e ad un fascio di onde rifratte. Valgono ovviamente tutte le leggi di 
Snell e di Fresnel, per cui l’angolo di riflessione è eguale all’angolo di inci- 
denza, e l’angolo di rifrazione 6, deve soddisfare alla condizione: 


sin 0, \/ A\? 


Se 2< 7., l’indice di rifrazione è reale, minore sempre dell’unità. In tal caso 


esiste un angolo limite 6,, per il quale sen 6, = Vasi (A/A,)?; allora, per angoli 
di incidenza minori dell’angolo limite si avranno nel « mezzo metallico » onde 
ordinarie; in caso contrario si avranno onde evanescenti. Analoghe conside- 
razioni valgono per la seconda faccia a’ della lamina. 

Sono naturalmente valevoli le note espressioni per il coefficiente di rifles- 
sione R e per il coefficiente 7 di trasmissione: poichè E è perpendicolare al 
piano di incidenza si ha, com’è noto: 


sin (6, — 0) 


la 2 sin 0, cos 0, 
~ sin (0, + 6;)’ 


IENE E aati 


(7) 


(2) E. KocH: Proc. I.R.E., 36, 828 (1946). 
(3) M. ScHAFFNER: Alta Freq., 17, 147 (1948). 
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Anche queste espressioni hanno trovato eccellente conferma in una serie di 
esperienze compiute presso il Centro. 

Queste esperienze suggeriscono lo studio di disposizioni antiriflettenti per 
le ottiche a microonde, analoghe a quelle delle 
ottiche trattate ordinarie. 

Nel caso di un’onda che incide nel modo 
indicato sulla superficie di separazione a (fig. 1), 


i ra) (= 
con angolo di incidenza 6,, si può definire (*) DAN Te = Se 
5) ti 


l’impedenza intrinseca del primo mezzo, legata 
all’angolo di incidenza, per l’onda incidente: 


(8) VAT = sec 6, . Fig. 2. 
0 


Analogamente le impedenze intrinseche per le onde riflessa e trasmessa sono: 


(9) ZZZ see Oly RE PR da in 
Eo €o ya (£ 2 
Zi 


Per diminuire la riflessione sulla superficie di incidenza a si può interporre fra 
il primo e il secondo mezzo una lamina a facce parallele, costituita come la 
precedente, ma con equidistanza diversa fra le striscie, cioè con diverso indice 
di rifrazione. Con riferimento alla fig. 2 e con notazioni ovvie, si ha: 


gr x sec 0, 
Eo 2 
(10) 1 Va = (È 
Za al sec 0, 5 


inoltre devono essere soddisfatte le condizioni: 


SINO NSID asin) Os 
dip i 


che determinano gli angoli. 
La riflessione sarà eliminata, per l’angolo di incidenza 6,, se 


tai Li oi 
(11) RO = aay A DN Le a 


(4) H. G. BooKER: J.I.E.E., 3, 17) {1947). 


Or 
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dove k = w/v cos 0. In tal caso la lamina costituisce un adattatore di impe- 
denza in quarto d’onda, che adatta il secondo mezzo al primo. In particolare 
per l’incidenza normale le tre impedenze sono proporzionali alle corrispondenti 
velocità di propagazione. Le condizioni (11) corrispondono ovunque 


esattamente a quelle delle ottiche trattate ordinarie: Ò - 
i) 2 
1 PE 
(12) kd=31a, n=Vn,n. 


L’attuazione pratica della disposizione antiriflettente potrebbe 
essere del tipo riportato in fig. 3; la equidistanza fra le striscie 
della lamina, diversa da quella delle striscie del secondo mezzo, 
consegue al diverso spessore delle striscie. Fig. 3. 

Numerose esperienze hanno ottimamente confermato le pre- 
visioni suggerite dall’ottica ordinaria, e le ottiche trattate per microonde 
sì sono dimostrate particolarmente vantaggiose. 


3. — Onde evanescenti. 


La presenza di onde elettromagnetiche evanescenti nei fenomeni di rifles- 
sione totale della luce è nota da molto tempo e ha formato oggetto di nume- 
rosi studi teorici e sperimentali (5). 

Se si considerano, ad esempio, due mezzi, dielettrici perfetti, omogenei e 
isotropi, separati da una superficie piana S, e un’onda e.m. piana che, pro- 
venendo dal mezzo 1 verso il mezzo 2, incida con angolo di incidenza 0,, val- 
gono le leggi di Snell e di Fresnel già ricordate. Nel caso in cui il vettore 
elettrico E, dell’onda incidente sia normale al piano di incidenza, si ha: 


(13) ae sin 0, = nsin 6, , yes ys A 
1 


dove 6,, 6’, 0, sono rispettivamente gli angoli di incidenza, di riflessione, di 
rifrazione. 

Inoltre è: 

cos 0, — n cos 0, ; 2 cos 0, 
2— = 1 

cos 0, + ncos 0, *’ cos 0, + neos 0, .*’ 


(14) 


esse forniscono in modulo e fase i vettori E,, E’ delle onde trasmessa e riflessa 
in funzione del campo dell’onda incidente e degli angoli 6,, 0.. 


(*) Per una analisi approfondita con bibliografia, vedi H. ARZELIÈS: Ann. de 
Phys., 1, 5 (1946); Rev. d’Optique, 27, 205 (1948). 
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Le considerazioni formali che conducono alle relazioni precedenti, valgono 
anche quando gli angoli siano complessi, ciò che può avvenire per opportuni 
valori di n. 

Per esempio, se n< 1, esiste un angolo di incidenza reale 0, per il quale 
sen 0, = 1; allora, per 6,> 6, è sin@,>1, quindi 6, è complesso e cos 0, = 
— V1 —sin? 0, è immaginario. Dalle (14) discende allora che le onde riflessa 
e trasmessa non sono in fase con .l’onda incidente; che l’energia incidente 
viene totalmente riflessa, e che tuttavia il secondo mezzo è sede di un campo 
elettromagnetico. Tale campo ha i piani equiampiezza paralleli alla superficie 
di separazione e quelli equifase perpendicolari. È il caso della riflessione totale 
con onde trasmesse evanescenti o inomogenee. Il vettore elettrico delle onde 
evanescenti trasmesse può scriversi: 


(15) E, = E, exp [as + 7(fz—ot)], 


dove l’asse x è secondo la normale, diretto verso il primo mezzo, 2 parallelo 


x 


ad S, nel piano d’incidenza -(l’origine degli assi è nel punto di incidenza), 


OT, @ Sree aa 
fp =—sin 6,, a = — Vsin? 0, — n°. 
Vi Da 
Non vi è dunque, mediamente, alcun flusso di energia dal primo al secondo 


mezzo. L’intensità del campo in quest’ultimo non è però nulla; vi è un flusso 
medio di energia parallelo ad S, ma il campo è forte- 


| mente attenuato nel verso delle # decrescenti («> 0). 
SI | y La verifica sperimentale di queste leggi, nel campo 
eae ottico non può essere che qualitativa: il campo tra- 
Wate, smesso nel secondo mezzo si attenua cosi rapidamente, 
entro poche lunghezze d’onda, che non sono possibili 

A US misure quantitative. 


Nel campo delle onde centimetriche la regione occu- 
pata dalle onde evanescenti è accessibile agli strumenti 
di misura e le verifiche sperimentali diventano possibili. 

Esse sono state compiute per la prima volta da 
€. BEAUVAIS (5), ed hanno pienamente confermato le previsioni teoriche. Ma si 
può andar oltre, passando a studiare la riflessione e la rifrazione delle onde 
evanescenti. 

Con riferimento alla fig. 4, se si suppone che l’indice di rifrazione n=Ve;/es 
sia maggiore d’uno, è sinf,=—1 se sind, = 1/n<1. 

Per angoli, che chiameremo ancora di rifrazione, tali che 7/2 > 6,> 9, 
(ove 6, è l’angolo limite), è sin 9, > 1, cioè l’angolo di incidenza è complesso 
e tale è anche l’angolo di riflessione. 


(8) C. BeAUVAIS: Onde Electrique 12, 213 (1933). 
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Possiamo interpretare questi risultati pensando che l’onda incidente e 
quella riflessa siano evanescenti e quella trasmessa sia del tipo ordinario. 

Per le tre onde, trasmessa, riflessa e incidente si trovano le seguenti 
espressioni: 


( E=Eexp[x+j(f—o@t)], 
(16) E.=—(exp[--jd]))E;, 

| Z.=(1—exp[--jd])E;, 
con 
(17) x = Vn? sin? 0, — 1, B =—sin 6, 

2 2 
S a— jb : 

(18) exp [—j6] = —, a=ncos0,, b=—jcos0-. 


a+ jb 


Queste relazioni e altre relative alle energie hanno trovato piena conferma 
sperimentale (7). i 

È possibile anche studiare la riflessione metallica delle onde evanescenti. 
Un’accurata ricerca teorica e sperimentale è stata e mpiuta da S. GIBEL- 
LATO (8). : 

Particolarmente interessante è la verifica sperimentale della presenza di 
‘onde evanescenti nella diffrazione (°), operando con onde centimetriche e con 
reticoli piani, costituiti da striscie metalliche riflettenti alternate con intervalli 
liberi. 

Riferendoci a una terna di assi cartesiani ortogonali, il reticolo giaccia nel 
piano y, z ed abbia le striscie metalliche orientate parallelamente all’asse 2; 
l’asse x, normale al reticolo, sarà orientato nella direzione di propagazione del- 
l’onda piana incidente. Se il vettore elettrico di quest’ultima, polarizzata retti- 
lineamente, è orientato come l’asse y e quindi normale ai tratti del reticolo, 
le componenti non nulle del campo elettromagnetico diffratto sono: 


(19) ZH, = A, exp [pk( nx ae Bry)) ’ Ha => — BnZoH., ie &nZ,H, ’ 


dove &,, Bn, Yn Sono i coseni direttori della normale all’ n-sima onda piana 
diffratta, k — 27/4 è la costante di propagazione, Z, l’impedenza dello spazio 
vuoto, A, un fattore complesso che caratterizza l’intensità e la fase dell’onda 
diffratta. 


(7) N. CARRARA: Alta Freg., 19, 164 (1950). 
(8) S. GrBELLATO: Nuovo Cimento, 6, 344 (1949). 
(9) M. ScHAFFNER e G. ToRALDO DI FRANCIA: Nuovo Cimento, 6, 125 (1949). 
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Indicando con a il periodo del reticolo é: 


na 
20 a5 
(20) = 
che è la formula fondamentale dei reticoli di diffrazione. 

Quando n» è tale che |f,|<1, si hanno onde piane diffratte ordinarie; 
quando invece |f,|> 1 si hanno onde evanescenti. 

In questo caso le (19) diventano: 


( Z,H,= A,exp[-kVB?— 10] exp (jk8,9], 
(21) E, = — B,4 H,, 


Ey NV pa 


Poichè #, H, sono in quadratura non si ha trasporto di energia in dire- 
zione normale al reticolo, e le onde sono attenuate lungo l’asse w. La costante 
di attenuazione dell’ampiezza è kV B?—1; la costante di attenuazione 6 della 
potenza è: 5 


(22) § = kV B21. 


È appunto questa costante che si presta a una verifica sperimentale. 

Le onde diffratte evanescenti, dietro il reticolo vengono riprese da un: 
prisma di paraffina, che ha una delle facce parallele al reticolo. 

Se |f,|< n (n è l’indice di rifrazione della paraffina) l’onda evanescente 
darà luogo, dentro al prisma, ad un’onda rifratta piana ordinaria, che potrà. 
emergere da una delle rimanenti facce del prisma, e sottoposta a misura. 

Variando la distanza del prisma dal reticolo può determinarsi sperimen- 
talmente 6, Con i valori 2 = 22 mm, B= 1,066, a= 30 mm, è d= 0,147 mm. 

Lo studio delle onde evanescenti interessa particolarmente le antenne & 
iperguadagno. 


4. — Azioni meccaniche delle microonde. 


Così come per la luce, è possibile provare sperimentalmente la pressione 
di radiazione che un fascio di microonde esercita su uno schermo riflettente 
o assorbente. Tale pressione, com’è noto, vale rispettivamente, se l’incidenza 
è normale e la propagazione avviene nel vuoto: 


bo 


S 
(23) p= 8 oppure p= 


(6) 
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ove S è il vettore di Poynting e e la velocità della luce. È possibile pervenire 
alle espressioni (23) sia secondo l’elettrodinamica classica, sia attribuendo ai 
fotoni la quantità di moto hf/e (hk = costante di Planck). Infatti se con W 
indichiamo l’energia contenuta nel fascio incidente per unità di volume, il 
numero dei fotoni che incidono normalmente nell’unità di tempo sull’unità 
di superficie dello sehermo è We/hf; e la quantità di moto corrispondente è 
(We/hf) -(hf/c) = W= S/c da cui discendono subito le (23). 

Non è facile eseguire determinazioni di pressione di radiazione (!°) con 
microonde, perchè pressioni apprezzabili si manifestano solo per elevati valori 
di S, a cui corrispondono campi elettrici molto elevati per le onde centime- 
triche, che danno facilmente luogo a scariche sul bordo degli schermi per effetto 
corona. Inoltre si presenta, come sempre, un cospicuo effetto radiometrico. 
Superate queste difficoltà, si presentano possibili interessanti esperienze entro 
guide d’onda, ove la velocità dell’energia, che coincide con la velocità di 
gruppo, è sempre minore di ¢, e dipende dalla sezione della guida. 

In conseguenza di ciò, quando l’energia passa da uno spezzone di guida 
ad un altro, ove la velocità dell’energia è diversa, perchè diversa è la sezione, 
si possono prevedere azioni meccaniche in conseguenza della variazione della 
quantità di moto dei fotoni. 

Assai più agevole che non la verifica sperimentale della pressione di radia- 
zione, è, con onde centimetriche, la verifica dell’esistenza di una coppia di 
radiazione. A. SADOSWKI (1), P. S. EpPsTEIN (1%), J. H. PoOyYNTING (*), pre- 
videro che, quando onde luminose piane, polarizzate circolarmente, incidono 
normalmente sopra una lamina birifrangente e la attraversano, esercitano 
sulla lamina stessa, una coppia meccanica. Il valore della coppia agente sul- 
l’unità di superficie di una lamina in quarto d’onda, che converte luce pola- 
rizzata circolarmente, in luce polarizzata rettilineamente, risulta: 


dove wm = 27f è la pulsazione. 

La (24) può essere dimostrata in base all’elettrodinamica classica, ma la 
dimostrazione è molto più agevole se si tien conto dello spin dei fotoni, 
+ h/2x. Infatti un’onda polarizzata ellitticamente può essere risolta in due 
«componenti: 


= PARCOSIWH y=YsN@t, 


N. CARRARA e P. LOMBARDINI: Nature, 143, 171 (1949). 

A. SADOWSKI: Acta et Commentationes imp. Un. Jureviensis, n. 1-3 (1899). 
P. Epstein: Ann. der Phys., 44, 593 (1914). 

J. H. PoYNTING: Proc. Roy. Soc., A 82, 560 (1909). 
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ove X,, Y, sono le componenti secondo gli assi x, y, normali alla direzione 
di propagazione, delle ampiezze del vettore elettrico. 

La componente x può considerarsi dovuta alla sovrapposizione di due vet- 
tori L,, R,, ciascuno di ampiezza X,/2 di cui il primo ruota a sinistra, il secondo 
a destra con velocità angolare wm. Similmente la componente y può decom- 
porsi in due vettori rotanti L,, R,. 

Se si pone L=L + L, R-=R,— R,, Vonda polarizzata ellitticamente 
può pensarsi costituita dalla sovrapposizione di due onde polarizzate circo- 
larmente a sinistra e a destra, i cui corrispondenti vettori di Poynting sono: 


A ts i 
1 S Ca i L? ’ S = my R? 
(16) Sie Lo OR Mo ’ 


così che il momento angolare attraverso l’unità di superficie (nell’unità di 
tempo) perpendicolare all’onda polarizzata ellitticamente risulta: 


— DOM oss 


gael teas spl le, 
Mo hf 21. © Va 

Se ora supponiamo che un’onda polarizzata rettilineamente, di cui £ sia 
il vettore elettrico, orientato secondo l’angolo rispetto all’asse x, incida 
sopra unalamina birefrangente, per l’onda polarizzata ellitticamente che emerge 
dalla lamina è: 


X, = Heosg, Y, = Hsing, 
onde il momento angolare risulta: 


1 j/e E. 
(26) —|= = sin 29. 
(60) Mo = 
Per @ = +2/4, il momento risulta dunque + S/w (onda polarizzata cir- 
colarmente). 
Così anche se un’onda polarizzata circolarmente è assorbita da uno schermo 
o è trasformata in un’onda polarizzata rettilineamente, il momento angolare 
svanisce, e lo schermo deve risultare sottoposto, per unità di superficie, a 
una coppia di momento 
MES: 
Cr == = 
QO, 
È estremamente difficile rilevare sperimentalmente tale coppia con le onde 
luminose, perchè la loro frequenza è necessariamente elevata (14); per contro 
l’esperienza può essere eseguita con successo con onde centimetriche (15). 


(14) R. A. BerH: Phys. Rev., 50, 115 (1936). 
) N. CARRARA: Nuovo Cimento, 6, 50 (1949); Nature, 164, 882 (1949). 
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5. — Propagazione di onde in strutture periodiche. 


Abbiamo già avuto occasione di rilevare che la velocità di fase, con cui 
un’onda si propaga in una guida continua a pareti perfettamente conduttrici 


x 


entro cui sia il vuoto, è sempre maggiore della velocità della luce, qualunque 
sia il modo di propagazione, e che, per ogni modo, vi è una frequenza critica 
o di taglio determinata dalla sezione retta 
della guida. Per ogni modo la guida continua 
sì presenta dunque come un filtro passa 
alto. Indicando con f la costante di propa- 
gazione per un generico modo e con w/c una 
grandezza avente le medesime dimensioni 


di 6 e proporzionale alla frequenza è: 


DI \? a 
(27) (arte, 
\ Fig. 5. 
(ove A = 27/6 è la lunghezza d’onda nella 


guida continua corrispondente alla frequenza f = ©/27), così che la rappre- 
sentazione grafica di w/e in funzione di f è un iperbole (fig. 5). Per w/e< 6, 
(cioè per 4> 4,) la curva mostra che non vi è alcun valore reale di f, 
cioè la propagazione non è possibile, 2 è immaginaria, cioè il campo entro la 
guida è attenuato. Per frequenze più elevate l’iperbole tende asintoticamente 
verso le linee a 45°, mostrando che la velocità di fase, sempre maggiore di c, 
tende a ¢ per 7 + co. 

Ma, in molti problemi, interessano guide d’onda particolari, in cui il campo 
si propaghi con velocità di fase minore di c, come per esempio, nel caso del 
magnetron, dell’amplificatore ad onda viaggiante, dell’acceleratore lineare. In 
tutti questi casi il campo interagisce con un fascio di particelle elementari 
cariche, generalmente di elettroni, la cui velocità, sempre minore di e, deve 
eguagliare quella del campo. 

Guide d’onda del genere possono essere attuate con l’inserzione di iridi, 
cavità risonanti periodicamente spaziate e così via. 

È interessante rilevare che lc studio di tali guide può essere effettuato 
con gli stessi procedimenti elaborati per la propagazione di onde acustiche o 
ottiche in strutture periodiche, procedimenti che già furono utilizzati verso la 
fine del secolo scorso per la telegrafia per cavo (ad esempio cavi pupinizzati, 
1900). 

La prima ricerca in questo campo risale a NEWTON (1), il quale supponendo 
che il suono si propagasse nell’aria come un’onda elastica in un reticolo di 


(6, I. NEWTON: Principia, Tomus secundus, Sectio VIII. 


262 N. CARRARA 


punti dotati di massa, tentò il calcolo della velocità di propagazione. Succes- 
sivamente si occuparono dell’argomento JOHN BERNOUILLI (1727), EULERO 
(1748), LAGRANGE (1759), CAucHY (1830), che tentò di derivarne le leggi della 
dispersione ottica, KELVIN (1881), Born (1912). Una completa esposizione 
dell’argomento è stata recentemente elaborata da BRILLOUIN (1). 

La proprietà più cospicua di una guida d’onda caricata p. e. da iridi è che 
‘essa si comporta come un filtro passa banda, con infinite bande passanti; per fre- 
quenze fuori da tali bande il campo non si propaga ed è attenuato; per ogni fre- 
quenza, compresa in una banda, Ja velocità del campo assume infiniti valori diversi. 

In conseguenza del carattere periodico del campo, esso può essere svilup- 
pato in serie di Fourier; ognuno dei termini dello sviluppo viaggia con velo- 
cità diversa da quella degli altri, velocità che peraltro non è univocamente 
determinata. I termini più elevati, con lunghezze d’onda sempre più piccole, 
ma corrispondenti alla stessa frequenza si propagano con velocità decrescenti, 
così che sono reperibili termini con velocità bastantemente piccola per le appli- 
cazioni elettroniche precedentemente indicate. 

Il fondamento della teoria della propagazione nelle strutture periodiche è 
il seguente (Teorema di Flouquet): in un dato modo di oscillazione della strut- 
tura, ad una data frequenza, il campo e.m. viene moltiplicato per una costante, 
generalmente complessa, se si avanza lungo la struttura di un periodo. Infatti 
con tale avanzamento la struttura ritorna su se stessa, cosicchè la nuova fun- 
zione differirà dalla precedente per il fattore costante indicato. Scriveremo tale 
fattore sotto la forma exp [—yL], dove L è il periodo e y la costante. Una 
funzione che gode di tale proprietà è ovviamente la funzione exp [— ye], se 2 
è l’asse della struttura, e la funzione più generale si ottiene moltiplicando 
per exp [yz] una qualunque funzione periodica della struttura che non 
cambia se 2 cresce di LZ. Questa funzione periodica può essere sviluppata in 
serie di Fourier, con termini del tipo A, exp [— j(2z/L)nz], dove n è intero 
positivo o negativo e A, è un appropriato coefficiente; cosicchè anche la fun- 
zione più generale, sviluppata in serie sarà costituita da termini del tipo 
A, exp [—{y + (2r/L)n}e]. Si può ora dimostrare che se la struttura non dis- 
sipa energia y o è reale o è immaginario; nel primo caso ogni termine decresce 
‘esponenzialmente, nel secondo, posto y = jf), fn = Bo + (27/L)n, ogni ter- 
mine diventa, tenendo conto anche del tempo, del tipo A, exp [— j(ot — f,2)], 
e quindi rappresenta un’onda progressiva, di frequenza w/2z, lunghezza d’onda 
An = 27/Px, velocità di propagazione v, = w/B,. 

È molto interessante studiare il modo di variare di w al variare di fo. 
È ovvio che aumentando f, di 277/L, ogni f, si trasforma nel successivo 8,41; 
e quindi l’intera serie dei fattori esponenziali exp [— j(@t — £,)] rimane in- 


(1?) L. BRILLOUIN: Wave propagation in periodic Structures (New York, 1946). Vedi 
anche J. C. SLATER: Microwave Electronic (New York, 1950). 
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variata. Pertanto se ad ogni esponenziale, attribuiamo ancora il coefficiente A; 
che compete al suo proprio indice n, la funzione d’onda, nonostante il cam- 
biamento effettuato in f,, rimane inalterata. Perciò la situazione fisica nella 
struttura non cambia, e quindi al medesimo © corrisponde non il solo valore pon 
ma corrispondono anche tutti i valori 6, + 22m/L, con m intero qualunque 
positivo o negativo. E dunque la pulsazione m deve essere una funzione perio- 
dica di f, con periodo 27/L. Questa funzione 

deve anche essere pari. Infatti, cambiando (Za 

segno a tutti i f,, ogni termine della fun- }-- 

zione d’onda si propaga in senso contrario, 
ma la funzione, per la medesima frequenza, 
non cambia forma ed essendo il senso della 


a tia ; | 3 
propagazione indifferente, in una struttura o + oe 
n nd | n 2n 
periodica, ne risulta (8) =@(—), cioè del LE L L 
la parità di ©. Fig. 6. 


L’andamento di w/c in funzione di f, può 
dunque essere rappresentato come in fig. 6. È evidente che la velocità di 
fase v, = @/B è rappresentata dalla pendenza di una retta come a, e la velo- 
cità di gruppo è rappresentata dalla pendenza di una retta come b. Al crescere 
di f, la velocità di fase varia periodicamente tendendo a zero, la velocità di 
gruppo v, = dw/d è nulla per le frequenze che corrispondono a f, = 0, qe /L, 


22/L,.... Poichè la velocità di gruppo coincide con la velocità dell’energia, il 
flusso di energia è nullo nella strut- 
lx tura per le frequenze indicate. 


) Per poter proseguire, sia pure 
è Y qualitativamente, in questa inda- 
So y gine, consideriamo una guida d’onda 
EI A in cui siano disposte periodicamente 
NESTA RTARTZA iridi con un foro tanto largo, da rap- 
eg --S presentare, ciascuna, una piccola su- 


N12, 
rag 9 x > ae scettanza. La presenza di tali iridi, 
L - - . cioè delle loro suscettanze uniforme- 
Fig. 7 


mente distribuite lungo la guida, a 
causa della periodicità di cui ab- 
biamo parlato, produce un cambiamento nel legame fra © e fy, che in loro 
assenza sarebbe quello rappresentato in fig. 5. La differenza fra il valore che la 
frequenza, corrispondente a un certo f, assume quando le iridi sono presenti 
o assenti è però generalmente piccola, salvo per i valori di f, che si avvicinano a 
un multiplo intero, 2xm/L, di 27/L. Infatti quando ciò accada, l’onda, di lun- 
ghezza A, = 27/6; che si propaga lungo la guida e subisce riflessioni multiple 
sulle iridi, dà luogo a onde riflesse in fase fra loro. L’onda riflessa risultante, 
Sovrapponendosi all’onda incidente, dà luogo ad onde stazionarie e ciò significa 


17 - Supplemento al Nuovo Cimentc- 
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che allora vi potrà non essere propagazione di energia, e pertanto la velocità 
di gruppo potrà essere nulla. La curva di fig. 4 che rappresenta il legame fra 
@ e fo Si spezza così in tanti tratti, che per la periodicità del legame fra w e fo 
si prolungano in curve periodiche, rappresentate in fig. 7, nella quale i tratti 
indicati sono disegnati con linee grosse. Dall’esame della figura si rileva che 
l’intera gamma di frequenze si divide in infinite bande passanti, separate da 
intervalli corrispondenti a frequenze che vengono invece tagliate. 

Entro ogni banda, ad ogni valore della frequenza, corrisponde una varietà. 
di velocità di fase, decrescente al crescere di f, (al descrescere di 7). Esistono 
_ cioè componenti nello sviluppo di Fourier con velocità < e. Però le sole compo- 
nenti di ampiezza rilevante e perciò praticamente utilizzabili sono quelle che 
corrispondono alle lunghezze d’onda relative ai tratti pieni delle curve della 
fig. 7, e queste non differiscono molto, finchè le iridi hanno piccola suscet- 
tanza, da quelle della guida non caricata. Ma, via via che la suscettanza delle 
iridi cresce (cioè il loro foro diminuisce), le curve di fig. 7 risultano sempre più 
tesate; al limite, per un foro piccolissimo, ogni sezione della guida determinata 
da due iridi costituisce una cavità risonante, e f,L viene a significare la dif- 
ferenza di fase fra cavità e cavità. La frequenza risulta indipendente da tale 
differenza di fase, così che le curve diventano altrettante rette, e le bande 
passanti tendono a zero. 

Fuori di questo limite e per valori della suscettanza convenientemente 
elevati, si riconosce facilmente dalle curve, che, per le bande passanti alte, 
corrispondentemente ai tratti pieni delle curve stesse, che corrispondono come: 
si è detto ai termini di maggior ampiezza, la velocità di fase può diventare 
minore di c, rendendo così la guida caricata utilizzabile per le importanti appli- 
cazioni di cui è fatto cenno in principio. 

Ricordando che il campo e.m. può propagarsi in una guida non caricata 
in infiniti modi TE,,,, TM,,,, a ciascuno dei quali corrisponde un diverso 
valore della frequenza critica e di f,, tutto quanto è stato finora detto va. 
ripetuto per ogni modo. Ne deriva una sovrapposizione fra le bande passanti 
corrispondenti ai vari modi e quindi una situazione molto complessa, che esige: 
uno studio particolare per la separazione delle varie bande. 


6. — Relatività e microonde. 


La propagazione di un campo elettromagnetico in una guida d’onda per- 
fetta continua vuota ha interessanti caratteristiche. Come abbiamo detto la 
propagazione può avvenire in infiniti modi di TE,,,, TM,,,; ad ogni modo 
compete una diversa frequenza critica; la velocità di fase v,, per onde con 
frequenza superiore alla critica, è sempre maggiore di e. La velocità di gruppo v, 
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è sempre inferiore. Vale la relazione 


(28) VV = 02. 


Frequenza critica, ‘velocità di fase, velocità di gruppo dipendono dalle 
dimensioni geometriche della guida. È di notevole interesse lo studio del campo 
elettromagnetico, che si propaga in una guida, quale si presenta in un sistema 
di riferimento mobile parallelamente all’asse della guida stessa con velocità v 
(sempre minore di c). 

Tale studio può essere limitato al caso semplice di guide d’onda rettan- 
golari (18). Si potrebbe considerare la propagazione dell’onda più generale (I 
ma, com’è ovvio, non si otterrano con ciò altri risultati. 

Disponendo una terna di assi cartesiani di riferimento, x, y, 2 con l’asse 
lungo l’asse della guida, e con gli assi y, 2 secondo gli spigoli della sezione 
retta, le ampiezze delle componenti non nulle dei campi elettrico e magnetico 
sono legate dalle relazioni: 


i rr 
9 ee kena Ei PL 
(29) ia E, = VE ZA, 
ove: 

(30) o, = : 


Va Ind (mA 

er 

è la velocità di fase, 2 la lunghezza d’onda nello spazio libero, a, d le lunghezze 
degli spigoli della sezione della guida, n, m, i due interi che caratterizzano 


il modo. 
Inoltre la frequenza critica è data da: 


on = VR 


e la densità del flusso di energia lungo x, da: 


(32) es: Le [He #3). 


2° uw 


x 


Consideriamo il caso in cui la frequenza del campo è maggiore di f,. 

Le componenti del campo in un sistema di riferimento mobile %, Yo) 25 
che al tempo t = 0 coincide con il sistema fisso #, y, 2, e che si muova, nella 
direzione x, con moto traslatorio uniforme rettilineo con velocità v< e con- 


(18) N. CARRARA: Nuovo Cimento, 5, 249 (1948). 
(19) G. GARELLI e R. Marvano: Nuovo Cimento, 6, 200 (1949). 
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corde con v,, si trovano applicando le note trasformazioni di Lorentz: 


f 1a = Dh Tel = 80 0 
a See) (REL 
(33) V1 — p VAS pà 
E, — SLI MIE i H., = H. = ae , 
VI — fp? | VI —= for 
OC 
Il risultato è: 
| E = Bg 0, | Ape Hal, 
(34) | Hy = 7H, , Hy = chy; 
| TOA == nE. . Hy = é H, : 
ove: 
aes he 2 
vy 
35 1) = 3 é = 
98) eit pe Vise 


Inoltre, ricordando che la fase non varia cambiando sistema di riferimento 
è anche 


(36) fo=mt, pei tolo, 
ove Ao; A, indicano la lunghezza d’onda nella guida, apprezzata nei due sistemi. 
Dalla (36) risulta: 
a) Il modo non cambia, cambiando sistema di riferimento; però la fre- 
quenza appare, nel sistema mobile, tanto più bassa quanto maggiore è v; è 
minima per 


(37) =: 


S 
| 
il 


poi torna ad aumentare. 

b) L’energia viaggia nella guida con velocità (apprezzata nel sistema 
fisso) v,, cioè con la velocità di gruppo. 

c) La velocità di fase e la lunghezza d’onda nel sistema mobile, tendono 
all’infinito positivo per v >v, a destra; sono negative e tendono all’infinito 
negativo per v >, a sinistra. 

d) In un sistema mobile con velocità v, il campo appare stazionario. 

e) In tale sistema, la frequenza appare sempre la stessa qualunque sia 
la frequenza nel sistema fisso, e coincide con f,. 
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Particolare considerazione merita il legame fra velocità di fase e velocità 
di gruppo che si riscontra in una guida d’onda, espresso dalla (28). Osserviamo 
anzitutto che la guida d’onda è un mezzo dispersivo. Infatti essa si comporta 
come un mezzo di indice di rifrazione: 


(38) IA ESE 


ove k = ff è invariante rispetto alle trasformazioni di Lorentz. Inoltre se Dy Os 
sono le velocità di fase e di gruppo di un’onda che si propaga nella guida” 
(f > f.) rispetto ad un sistema di riferimento S fisso, e voy, vo, le analoghe velo- 
cità rispetto a un sistema S, mobile, è anche: 


e k (di at He 
| Ly == n; ’ Vga G Vi i; fe ’ Ver = DIE pori a TRS 


ove f, è la frequenza dell’onda apprezzata in S, ed n, il corrispondente indice 
di rifrazione. 

Se ne deduce che il modo di variare delle velocita e dell’indice di rifrazione 
è il medesimo in funzione della frequenza, tanto in S quanto in S,, e si con- 
clude (?°) che le onde irradiate nella guida, 0 comunque in un mezzo con 
indice di rifrazione espresso dalla (38) con % invariante, da una sorgente fissa 
in un dato sistema di riferimento, presentano in quel sistema eguale velocità 
nei due versi, qualunque sia la velocità di traslazione del sistema stesso, il 
che equivale a dire che è impossibile riconoscere, con determinazioni del ‘genere, 
se il sistema sia fisso rispetto al mezzo oppur no. 

In particolare gli esperimenti di MICHELSON e MoRLEY, e di FIZEAU-FRESNEL 
(trascinamento parziale) debbono in tal caso dare risultato nullo. Non si può 
allora riconoscere alcun sistema che possa dirsi fisso rispetto al mezzo, cosicchè 
il mezzo non costituisce un sistema di riferimento privilegiato. 

Che il risultato dell’esperienza di FizEAU-FRESNEL debba essere nullo lo si 
può dedurre anche dalla formula di Zeeman che dà il trascinamento parziale: 


ESA iat 
GU) dina apse 


(209) N. CARRARA: Nuovo Cimento, 8, 569 (1951). La proprietà indicata fu dimo- 
strata da R. W. DircBURN: Rev. d’Opt., 27, 4 (1948), limitatamente però al caso in 
cui v< ¢. 
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infatti è agevole provare che se n» soddisfà la (38) è 


e quindi Av, = 0. 


7. — Spettroscopia con microonde. 


La spettroscopia con microonde ha suscitato uno straordinario interesse, 
giustificato dal confronto che si pud fare con la spettroscopia ottica. Tanto 
la spettroscopia con microonde, quanto quella ottica permettono la determi- 
nazione degli scambi energetici che avvengono negli atomi e nelle molecole, 
ma le tecniche e gli strumenti sono diversi, e diversa è la regione dello spettro 
esplorato. 

Nella spettroscopia con microonde non si fa uso di strumenti dispersivi, 
ma di sorgenti elettroniche di radiazioni praticamente monocromatiche e rive- 
latori accordati; in conseguenza la sensibilità risulta molto elevata e il potere 
risolutivo superiore a quello dei migliori spettrografi nell’infrarosso. 

Poichè le regioni dello spettro esplorabili non si sovrappongono, la spettro- 
scopia con microonde e la spettroscopia ottica si completano vicendevolmente: 
la spettroscopia con microonde si presta in modo particolare per lo studio 
della struttura delle molecole, per rilevare effetti dovuti allo spin e al momento 
quadrupolare del nucleo. 


8. — Conclusioni. 


Lo studio delle microonde è stato grandemente agevolato dalle approfon- 
dite cognizioni teoriche e sperimentali nel campo dell’ottica. Teorie già elabo- 
rate per l’ottica hanno potuto essere utilizzate nel campo delle microonde; 
esperienze classiche ottiche han potuto essere ripetute con le microonde; con 
le quali è stato peraltro possibile compiere ricerche sperimentali inattuabili 
in ottica. Questo processo di collaborazione fra ottica e microonde è tuttora 
in fecondo sviluppo. 


INTERVENTI E DISCUSSIONI 


— G. ToraLpo DI FRANCIA: 
Je voudrais ajouter une chose que Mr. CARRARA a oublié de mentionner, mais qu il 


n’avait pas manqué de remarquer lorsqwil a fait l’expérience. C’est qu’en mesurant 
le couple de torsion on a mesuré pour la première fois le spin du photon. Evidemment 
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l’expérience peut étre interprétée en termes classiques. Mais, si l’on introduit les 
photons, c’est leur spin que l’on mesure. 


— N. CARRARA: 


Ho dato la dimostrazione che la coppia può essere determinata considerando lo 
spin dei fotoni. 


— J. C. Simon: 

À propos des ondes évanescentes, dont a parlé Mr. CARRARA, je peux mentionner 
une intéressante expérience. 

A et B sont deux écrans diffractants identiques (réseaux dont les distances sont a). 


sla IM 


On étude la transmission, 7, en fonction de rx. On trouve que 


— pour a< 0,97 il y a régularité de T en fonction de x; 


| f 
— pour 0,97<a< Zilya irrégularité de T en fonction de #, | ped 


explicable par l’apparition de l’onde évanescente entre A et B. 


— G. ToraLpo DI FRANCIA: 

Le transport de l’énergie se passe d’une fagon très curieuse. On peut démontrer 
qu’une onde évanescente isolée ne transporte pas d’énergie dans sa direction d’atté- 
nuation. Mais quand nous avons deux ondes évanescentes superposées, atténuées en 
deux directions opposées, c’est leur interférence qui donne lieu au transport d’énergie. 
Or, quand nous approchons le prisme du réseau, une onde évanescente réfléchie s’ajoute 
à celle directe et nous avons justement l’interférence dont nous parlions. Ceci explique 
le transport d’énergie. 


ASC.) 8; VAN HERE: 


Do you think this could be verified experimentally? 


— G. ToRALDO DI FRANCIA: 


I see no reason why the experiment with microwaves could not be done. 
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Comparaison des résultats 
par spectroscopie infrarouge et centimétrique. 


J. DUCHESNE 


Institut d Astrophysique de V Université de Liège - Cointe-Sclessin 


Depuis quelques années le centre de gravité de la spectroscopie évolue 
progressivement vers la région radioélectrique en sorte que le domaine optique 
et infrarouge semble perdre sa position prépondérante en physique. Il est done 
opportun d’examiner la signification des analogies entre les méthodes et de 
discuter quelques-uns des problèmes qui leur sont communs. Nous nous pro- 
posons d’analyser brievement, en nous limitant & la spectroscopie infrarouge 
et centimétrique, les questions ci-après: 


1) la détermination des dimensions moléculaires, 
2) la détermination des moments dipolaires électriques, 


3) les couplages nucléaires quadripolaires. 


1. — Dimensions moléculaires. 


La détermination des dimensions moléculaires par les deux techniques re- 
pose sur les mémes principes. Toutefois, la largeur des raies spectrales est de 
beaucoup inférieure dans le domaine radio a ce qu'elle est dans le domaine 
infrarouge. C’est l’une des caractéristiques fondamentales dont découlent cer- 
tains avantages de la spectroscopie centimétrique. En effet, la précision des 
mesures des fréquences y est de l’ordre de une partie pour 106 ou 107, tandis 
que dans l’infrarouge on atteint difficilement une partie pour 104. En outre, 
la première méthode permet de séparer des raies de rotation de nombreuses 
molécules isotopiques absolument indiscernables par la seconde. La prédomi- 
nance de la technique centimétrique n’est cependant pas aussi générale qu’il 
parait & première vue, car certaines restrictions s’imposent. En effet, jusqu’a 
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présent, les raies d’absorption observées en ondes centimétriques correspondent 
le plus souvent au niveau de vibration fondamental v = 0. Tl en résulte que 
la mesure des fréquences de rotation pure permet de déduire la constante de 
la molécule vibrante B,, mais ne fournit pas la constante de la molécule non- 
vibrante B,. Dans l’infrarouge, au contraire, où l’on observe toujours des 
transitions impliquant deux niveaux de vibration différents, le calcul de B, 
peut étre effectué par des méthodes bien connues. Si on considere, d’autre 
part, des transitions de rotation pure correspondant à des nombres quanti- 
ques J petits, les effets de distorsion centrifuge sont faibles et ne peuvent, 
étre déterminés avec précision. A titre d’exemple, nous citerons que la troi- 
sieme raie de rotation de la molécule ICN, qui est située a 1,5 em, est déplacée 
seulement de 0,1 MHz par distorsion centrifuge. Par contre, la vingtieéme raie 
située à 2,3 mm (région plus difficilement accessible) est déplacée de 28 MHz (2). 
Rappelons a ce sujet que les fréquences de rotation des molécules linéaires 
sont données par la relation simple 


Ye Bd EDS 


ou By = h/8a?I et ot D, est la constante de distorsion. 

En conclusion, on peut affirmer que la haute précision des mesures sur 
les fréquences perd une partie de sa signification quand il s’agit de déterminer 
les constantes moléculaires, en raison de certaines limitations actuelles, dans. 
les possibilités d’observation, liées & la technique employée. Ces limitations. 
ne se reproduisent pas en infrarouge. Toutefois, il faut remarquer que la seule 
connaissance de B, permet cependant de calculer les distances interatomiques. 
a l’équilibre avec une précision qui dépasse généralement un pour cent. C'est. 
là une précision qu’il est très difficile d’atteindre en infrarouge, en dépit de 
la détermination possible de B,. Nous comparons au tableau I, pour quelques. 


TABLEAU I. 

Infrarouge Infrarouge | Ondes centimétriques | 
r, (A) | ro (A) | ro (À) 
= | = | -} 
CO, C=0 | 11615 1,1632 | = | 

CH ij C=C 1,202 | 1,207 | = 
ee Il ni! 1,059 1,059 = 

| QUE C=N | 2s 1,157 1,157 
aan | CH — 1,058 1,059 | 


(1) C. M. Jonnson, R. TRAMBARULO et W. Gorpy: Phys. Rev., 84, 1178 (1951). 


272 J. DUCHESNE 


molécules, les valeurs obtenues pour r, et 7) en infrarouge, avec les résultats 
fournis par spectroscopie centimétrique quand la chose est possible (?). 

On constate, d’une part, que 7, ne se différencie guere de 7,, la différence étant 
au maximum de 0,5%, et, d’autre part, l’excellent accord obtenu par les 
deux techniques dans un cas très favorable & l’infrarouge. Au tableau II, nous 


TABLEAU II. 


| Infrarouge 
Ie WOO erin) 


Ondes centimétriques 
TRO 220 cerca) 


| 
| 
a 
| 
| 
| 
| 


TION {63.1138 (3501) 
CHG sa | 64,1009  (37C1) 
| 
| xe n 125,7107 (35Cl) 

8SiH,Cl 124,52 { 128,8262 (2701) 


confrontons les résultats obtenus par les deux méthodes pour les moments 
d’inertie élevés (Jz) des molécules pyramidales, de symétrie C,,, CH;C1 (3) et 
SiH,Cl (4). 

L’accord est beaucoup plus satisfaisant pour SiH,Cl que pour CH,Cl. L’ana- 
lyse infrarouge permet de déterminer en outre J, (moment par rapport a l’axe 
moléculaire) et c’est là une donnée de grande importance que ne fournit pas 
la spectroscopie centimétrique. Pour SiH,Cl, après une analyse détaillée, mon 
collaborateur A. MONFILS (5) trouve I, = 9,90-10-4 g cm? et on peut ad- 
mettre, vu la qualité du spectre obtenu pour cette molécule, que l’erreur est 
inférieure à 1,5%. En utilisant les valeurs des dimensions moléculaires obtenues 
par DarLry, Mays et Townes (4) (SiC1 = 2,048 A, Sid =1,50 A, HSiH = 
=110° 57’) et déduites des moments d’inertie J, de trois molécules isotopiques 
(isotopes de Si et Cl) on s’apergoit qu’il est impossible de rendre compte de I,, 
qui dépend de SiH et HSiH. En effet, on trouve J,=10,22-10-% g cm?. 
Cela semble résulter de ce que les moments d’inertie isotopiques J, sont si 
voisins qu’en dépit de la plus haute précision qui les caractérise la distance 
SiH ne peut étre déterminée avec une grande précision. J, qui est plus sen- 


(2) G. HERZBERG: Infrared and Raman Spectra (New York, 1947); W. Gorpy: 
Rev. Mod. Phys., 20, 668 (1948). 

(3) A. H. NIELSEN et H. H. NIELSEN: Phys. Rev., 56, 847 (1939); W. Gorpy, J. W. 
SIMMONS et A. G. SMITH: Phys. Rev., 74, 243 (1948). 

(4) B. P. Darcey, J. M. Mays et C. H. Townes: Phys. Rev., 76, 136 (1949); A. 
Monrits: Journ. Ohem. Phys., 19, 138 (1951). 

(5) A. MonrILS: résultat non publié. 
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sible a SiH peut done utilement étre introduit pour le calcul des dimensions 
moléculaires. Le système de valeur SiC] = 2,048 A, SiH = 1,49 A, HSiH = 
=110° 34’, est mieux en accord avec l’ensemble des données infrarouges et 
centimétriques. 

En conclusion, il semble que tout au moins pour le groupe de molécules 0,, 
du type H;XY, une combinaison des résultats des deux techniques puisse per- 
mettre d’obtenir de meilleures dimensions moléculaires. Cependant, une étude 
des molécules isotopiques D,SiCl, par spectroscopie centimétrique, suffirait a 
surmonter la difficulté mentionnée. Il est évident que, de ce point de vue, 
l’appoint indispensable de la spectroscopie infrarouge peut n’étre que provi- 
soire. Les progrès prochains de la technique centimétrique et l’usage, dans le 
‘cas particulier qui nous occupe, des isotopes deutérés en décideront. 


2. — Moments dipolaires. 


L’étude de l’origine des moments dipolaires est certainement à l’heure 
actuelle un important probleme de la physique moléculaire. Par conséquent 
l’enrichissement des données expérimentales est d’un grand intérét. La dé- 
composition des raies de rotation en présence d’un champ électrique est déter- 
minée en partie par la grandeur du moment dipolaire électrique de la molécule. 
Si les nombres quantiques de la transition et la grandeur du champ électrique 
sont connus, les mesures de la structure Stark fournissent le moment dipolaire 
électrique avec une précision de l’ordre de 1%. Cette méthode nouvelle due 
a la spectroscopie centimétrique étend considérablement le champ d’investi- 
gation par rapport à la méthode classique, puisqu’elle permet en principe 
d’évaluer cette grandeur pour un état quantique de vibration quelconque et 
non pas seulement pour l’équilibre thermodynamique. En raison des difficultés 
d’observer des transitions rotationnelles associées à des états de vibration 
excités, très peu de moments dipolaires excités sont connus jusqu’a présent. 
Nous citerons, au tableau III, les résultats obtenus pour COS (*) et COSe (7). 


TaBLeav III. 


Etats de vibration observés Moment dipolaires 
| vi Ù U3 | COS COSe 
| 0 0 0 | 0,7085 D | 0,754 D | 
| 1 0 ard = | 0,728 D | 
1 0 0,700 D | 0,730 D | 


(6) R. G. SHULMAN et C. H. Townes: Phys. Rev., 77, 500 (1950). 
M. W. P. StTRANDBERG, T. WENTINK et A. G. Hic: Phys. Rev., 75, 827 (1949). 
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01, VU»; 03, désignent les nombres quantiques de vibration. v, et v3 corre- 
spondent aux vibrations de valence, tandis que v, correspond a la vibration 
de déformation des molécules. On constate que la valeur moyenne du moment 
dipolaire diminue d’enviror 3% quand on passe de l’état fondamental è un 
état de vibration excité pour COSe. L’écart observé est certainement en 
dehors des limites des erreurs des mesures. Il doit étre da è la variation des. 
amplitudes du mouvement pour les différents états. Dans le cas de COS, la 
variation n’est pas aussi notable, mais elle paraît cependant établie et s’élève 
à 1,2%. Il serait très intéressant de connaître, pour COS également, le moment: 
dipolaire associé A la vibration de valence CO (v, = 1). Pour rendre compte 
de cet effet, on est conduit à admettre que la charge oscillante qui détermine 
le moment dipolaire dépend du nombre quantique de vibration. Cette sug- 
gestion a déjà été formulée par STRANDBERG, WENTINK et HiLr (7) dans le cas. 
de COSe. Il semble bien que ce soit, en fait, une situation tout a fait générale, 
valable également pour COS. On peut admettre, en premiére approximation, 
que les molécules du type COX résultent d’un effet de résonance entre les 
structures ci-aprés: 


(1) O=0=X 
(2) OF GX a 
(3) O-—0 =x? 


Cette représentation montre que le moment dipolaire u est égal a la dif- 
férence des moments associés aux molécules (2) et (3). Un état vibrationnel 
v = 1 qui accroît la distance interatomique moyenne CO entraine un accrois- 
sement de (3) par rapport à (2). Comme on observe une diminution du mo- 
ment dipolaire, on doit conclure que la forme (2) prédomine a l’équilibre. Le: 
raisonnement actuel néglige la contribution des composantes de moment di- 
polaire d’origine atomique liées au carbone. Toutefois, nous avons montré (8) 
que pour les molécules du type envisagé ici cette contribution est pratiquement 
nulle. Par ailleurs, on sait que l’intensité absolue des bandes fondamentales 
vibrationnelles d’absorption, dans l’infrarouge, permet de déterminer le carré 
du module du taux de la variation du moment dipolaire x associé à la liaison 
correspondante par rapport à la distance internucléaire +. Pour la vibration 
de valence v_=1 de COS, plusieurs auteurs (*) trouvent (du/è)co = — 8:10!° ues. 
On a admis (*) que ces hautes valeurs de du/dr ne peuvent s’expliquer qu’en 
supposant une variation de la charge oscillante avec l’amplitude de la vi- 


(8) J. DucHESNE: Bull. Acad. Roy. Sc. Belgique, 38, 197 (1952). 
(9) D. Z. RoBIinson: Journ. Chem. Phys., 19, 881 (1951); H. J. CALLOMON, D. C. 
MoKEAN et H. W. THompson: Proc. Roy. Soc., A 298, 341 (1951). 


COMPARATIONS DES RÉSULTATS PAR SPECTROSCOPIE INFRAROUGE ETC. 275 


bration. Dans le cas de CS,, en particulier, nous avons établi (8) que la charge 
associée à la liaison CS varie approximativement de moitié pour une extension 
de la liaison d’environ 0,1 A. Ainsi donc, voici que les deux méthodes, infra- 
rouge et centimétrique, fournissent sur les moments dipolaires des résultats 
conduisant aux mémes conclusions qualitatives. Il est par conséquent dési- 
rable que le travail, à peine commencé, soit poursuivi de part et d’autre et 
que les valeurs numérique des w et des d7/dr soient rattachées les unes aux 
autres. L’étude de la variation du moment dipolaire en fonction de la symétrie 
des vibrations est importante en ce qu’elle traduit une réorganisation électro- 
nique dont la mesure est fondamentale pour de nombreux problémes de phy- 
Sique moléculaire. 


3. — Couplage nucléaire quadripolaire. 


On sait que la structure hyperfine des raies de rotation pure provient de 
Vinteraction du moment quadripolaire électrique d’un noyau de la molécule 
et du gradient du champ électrique di aux électrons qui entourent ce noyau. 
L’analyse de cette structure hyperfine permet de déterminer le couplage quadri- 
polaire nucléaire [eQ(d?V/dz?)]. Les mesures déjà nombreuses qui ont été faites 
ont montré que cette grandeur, caractérisant un atome déterminé, varie selon 
la molécule dans laquelle cet atome est introduit (1°). Cet effet est certaine- 
ment d’une grande importance car il mesure, par l’intermédiaire de d°V/de?, 
la variation de l’asymétrie totale de la distribution électronique autour d’un 
atome particulier et peut, par conséquent, étre mis en relation avec les pro- 
priétés moléculaires. Nous voudrions signaler ici Vintérét qu’il y aurait a étudier 
le comportement du couplage quadripolaire d’un atome pour différents états 
de vibration d’une méme molécule. On doit effectivement s’attendre à une 
dépendance de 9?V/dz? envers le nombre quantique de vibration et la symétrie 
de la vibration considérée. Cette prévision est rendue possible grace au fait 
que l’hybridation des électrons se modifie pendant la vibration, ainsi que nous 
l’avons montré en détail ailleurs (811). Ce qui doit intervenir ici c'est le chan- 
gement d’hybridation correspondant à la variation de la distance interato- 
mique moyenne quand on passe de l’état fondamental » = 0 a Vétat vibra- 
tionnel v — X. Toutefois, l’effet doit étre faible pour les états de vibration 
de basse excitation, mais il doit étre mesurable. Dans le cas des vibrations 
de déformation angulaire, qui font intervenir, dans la méme molécule, le méme 
atome porteur de moment quadripolaire, on peut prévoir une variation avec 


(19) C. H. Townzs et B. P. DarLey: Journ. Chem. Phys., 17, 782 (1949); J. Du- 
<CHESNE: Tr. Farad. Soc., 46, 187 (1950). 
(11) J. DucHEsNE: Journ. Chem. Phys., 18, 1120 (1950). 
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le nombre quantique v, différente de celle qui caractérise les vibrations de 
valence, C’est là une importante perspective, vu que l’observation et la mesure 
de cet effet fourniront des données directes sur la réorganisation électronique 
des molécules, lorsqu’on les déforme, selon leurs modes normaux. par rapport 
à leur position d’équilibre. Nous avons étudié ailleurs cette question et ses 
conséquences (5), en sorte que nous n’y reviendrons pas ici. Nous voyons ainsi 
que les vibrations prennent une signification nouvelle pour l’extension de nos 
connaissances de la structure électronique moléculaire; cela souligne en méme 
temps le ròle que doit continuer à jouer la spectroscopie infrarouge dans la 
recherche et la détermination des propriétés de ces vibrations. Sans doute, 
‘Vobservation des transitions rotationnelles. correspondant a des états de vi- 
bration excités, est-elle encore difficile en raison de la nécessité d’user de l’in- 
fluence de la température. L’intérét du probleme mérite toutefois les efforts 
de perfectionnement de la technique qui y sont liés. Il est & noter que dans 
le cas des transitions quadripolaires pures, on observe un effet de température 
sur le couplage nucléaire quadripolaire (12). Toutefois, cette méthode d’obser- 
vation ne permet pas de distinguer l’influence spécifique de chaque vibration 
sur ce couplage. 


Conelusions générales. 


Il est évident que l’ensemble des problèmes que permet de poser la spectro- 
scopie des ondes centimétriques en fait une méthode de premier plan qui ré- 
serve encore beaucoup de joie aux physiciens. Dans cette note, nous avons 
surtout voulu insister sur quelques points nouveaux qui mettent en valeur 
l’incidence des vibrations dans ce domaine. La méthode infrarouge, d’autre 
part, garde d’appréciables potentialités. L’étude de la mesure des intensités 
absolues des bandes d’absorption et, dans certains cas, l’analyse des bandes 
de vibration-rotation sont d’un grand intérét et doivent étre effectuées en 
méme temps que les travaux par ondes centimétriques. En outre, la méthode 
infrarouge reste jusqu’à présent indispensable pour l’étude des molécules sans 
moment dipolaire permanent, ainsi que pour l’examen général des vibrations 
et le calcul des fonctions potentielles moléculaires. 


(2) H. G. DEHMELT et H. KruceR: Zeits. f. Phys., 129, 401 (1951). 
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The Measurement of the Velocity of Electromagnetic Waves 
and the Refractive Index of Air at Microwave Frequencies. 


L. Essen and K. D. FROOME 


National Physical Laboratory. Electricity Division - Teddington 


Microwave techniques have been applied at the National Physical Labo- 
ratory to the accurate measurement of two important quantities which had 
previously been regarded as optical constants. The velocity of light or more 
Strictly the velocity of electromagnetic waves has been measured with a pre- 
cision very much greater than that achieved in the classical optical experiments. 
and the new value differs significantly from that previously adopted. The 
refractive index of air has been measured with an accuracy equal to that of 
the best optical work and a striking confirmation has been obtained with the 
value given by a new dispersion formula which has recently been derived (1). 

The velocity was first determined from the resonant frequency and the 
dimensions of a cavity resonator; and this work has been fully described in 
a number of publications (2:45 6), 

The velocity depends on the refractive index of the medium and the measu- 
rements were therefore carried out in a vacuum. But if they are repeated 
with the cavity filled with a gas then the ratio of the values obtained gives. 
the refractive index of the gas. The technical problems are rather different 
however in the measurement of refractive index, because the ratios and not 
the absolute values of velocity are required (78). The relationship between 
the quantities is 


Ve —1 Si = (fo — fo) / fo 


. BARRELL: Journ. Opt. Soc. Amer., 41, 295 (1951). 
Essen and A. C. Gorpon-SMITH: Proc. Roy. Soc., A 194, 348 (1948). 
Essen: Proc. Roy. Soc., A 204, 260 (1950). 
Essen: Nature, 165, 582 (1950). 
. Essen: Nature, 167, 258 (1951). 
. Essen: Science Progress, No. 157, 54 (1952). 
Essen and K. D. FRoomE: Nature, 167, 512 (1951). 
L. Essen and K. D. FroomE: Proc. Phys. Soc., B 64, 862 (1951). 
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where 4, e, n, are respectively the relative permeability, permittivity, and the 
refractive index of the medium, and f,, f, are the frequencies when the reso- 
nator is evacuated and filled with the gas under test. The problem is simply 
one of measuring the resonant frequencies with adequate precision, the exact 
dimensions of the resonator being of no importance. <A setting accuracy of 
a few parts in 108 was achieved by connecting the resonator in a waveguide 
bridge circuit and by referring all frequency measurements directly to quartz 
standard oscillators. 

The results are given in Table I together with those of other recent 
measurements. The results for water vapour are given in Table II. 

The quantity most often required in practice is the refractive index for 
moist air; and an accurate interpolation formula has therefore been prepared 
taking account of the known compression laws of dry air and water vapour. 
The exact formula is 


0,37884p, 
1 + 0,0036617 


ie ae = [1 + p;(1,049 — 0,0157t)-10-*] + 


0,650p, 86,24 ps n 748 A | 
Ri 66 2 Da 1 + 2,4-10-5p 
“7+ 0,0036618! 273 +t\ * 273 gl tr da) 


where n is the refractive index at temperature ¢ °C and pressure p mm mercury, 
and p,, Ps, Ps, are the partial pressures of dry (carbon dioxide free) air, carbon 
dioxide and water vapour respectively. If the barometric height is p, 


PI Pee Posie Dee 


All the pressures are expressed in mm mercury at 0 °C and standard gravity 
(760 mm Hg = 1013250 dyn/em?). A simplified expression which is still accu- 
rate at temperatures near 20 °C and at atmospheric pressures near 760 mm 
mercury is as follows 


(n Wee 


103,49 86,26 5 748 

T Pera T Pa 1 T (1 al 
where T = 273 +t. 

This formula has been used in some measurements of velocity (%1°) which have 
been carried out over a long air path by use of an apparatus intended ultimately 
for the measurement of length in terms of the frequency of a microwave source 
and the velocity. In the resonator measurements the resonant frequency and 
the wave-length in the resonator depend on the diameter of the resonator as 
well as on the length, but as the diameter is increased the wave-length approaches 
the free-space value and in the limit when the resonator walls are removed 


(®) K. D. Froome: Nature, 169, 107 (1952). 
(#0) K. D. FROOME: Proc. Roy. Soc., 213, 123 (1952). 
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TaBLe I. — Summary of Measurements on Dry Gases at 0°C, 760 mm Hg. 
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I 
Gas | (n— 1)-108| (e— 1)-1¢¢| Frequency Author Date 
in MHz 
Air |287,8 +0,1 | 575,7-+0,2 (2) BARREL (83) 1951 
576 0,5 WATSON 1934 
567,0-+1,0 1,0 Hecror and WorRNLEY 1946 
572 9000 CRAIN 1948 
577,0+1,0 9000 Lyons, BrrNBAUM and KRYyDER | 1948 
608 3000 PHILIPS 1950 
575,4+1,4 9000 BrrnBAUM, KRYDER and Lyons | 1951 
288,15+0,10| 576,0+0,2 24000 Essen and FROOME 1951 
Nitrogen |290,6 581,3 (1) SCHEEL (2) 1907 
587 0,5 WATSON 1934 
579,6+1,0 1,0 Hector and WoOERNLEY 1946 
587 +2,0] 9000 Lyons, BrrxBAUM and KRYDER | 1948 
586,9+2,9 BIirNxBAUM, KRYDER and Lyons | 1951 
204,1 +0,1 | 588,3-L0,2 24009 Essen and FROOME 1951 
Oxygen. |266,3 532,7 (1) RENTSCHLER (2) 1907 
531 0,5 WATSON 1934 
523,3 +1,0 1,0 Hector and WoERNLEY 1946 
532,5+1,3 1,0 JELATIS 1948 
532 +2,0] I Lyons, Brrnpaum and KRYDER | 1948 
530,0+1,9f BIRNBAUM. KRYDER and Lyons | 1951 
266,4 +0,2 | 531,0+0,4 24 000 EsseN and FROOME 1951 
Argon |279,2 558,5 : BuRTON (2) 1907 
211783, 554,7 (0) CUTHBERTSON and CUTHBERTSON | 1932 
550 0,5 WATSON 1934 
545,1-+0,5 1,0 Hector and WorRNLEY 1946 
554,2+0,9 1,0 JELATIS 1948 
277,8 +0,2 | 555,7+0,4 24000 Essen and FROOME 1951 
| Carbon 989 0,5 WATSON 1934 
dioride 987,5+2,0 1,0 Hector and WorRNLEY 1946 
988 +2,0| Lyons, Brrnpaum and KRYDER | 1948 
985,5 +3,0f 9.000 Birnpaum, KRYyDER and Lyons | 1951 
494 +1,0 988 +2,0 24 000 Essen and FROOME 1951 


(*) Optical determination, extrapolated to infinite wavelength. 
(*) Quoted by KAYE and LABY (1948). 
(*) From a revision of the most accurate determinations. 


Nore: our values of (€ — 1) are obtained from equation (1) on the assumption that the values 
of (4 —1)-10° are 0,4 for air, 1,9 for oxygen and zero for the other gases and for water vapour, 
The results of other workers are given as published by them although in the microwave determi- 
nations the quantity actually measured will have been refractive index and not dielectric constant. 


The permeability has been allowed for in the values given by BIRNBAUM and Lyons (1951) but pos- 
sibly not by the other workers. 


18 - Supplemento al Nuovo Cimento. 
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TABLE II. — Values of n for Unsaturated Water Vapour at 20°C, 10 mm Hg. 


. | 
(n — 1)-108 Dipole coomony Frequency Auton | Date 
x 1018 in E.S.U. in MHz | 
2,94 (5) BARRELL and SEARS | 1938 
62,7 1,842 + 0,008 1 SANGER | 1930 
61,3 + 0,4 1,831 + 0,006 0,5 STRANATHAN | 1935 
61,3 1,84 9000 CRAIN | 1948 
62,4 — 3.000 PHILIPS | 1950 | 
60,7 + 0,1 1,839 + 0,002 24 000 Essen and FRooME | 1951 | 
(*) Optical determination, extrapolated to infinite wavelength. 


we have the simple relationship 


= 7 

The apparatus is based on free space propagation conditions and is in its 
essentials equivalent to the well-known Michelson optical interferometer. 

Microwave energy at a constant frequency of 24000 MHz from a stabilized 
klystron oscillator is transmitted by means of a hybrid junction (« magic-7 »), 
acting as beam divider, along the two arms of the interferometer. The beam 
in one arm passes through a transmitting horn into a very large room, over 
distances up to 21,5 m, towards a movable metal reflector. Here the radiation 
is reflected back along its path to the horn, through the beam divider, and into 
a detector. The other is enclosed in a short length of wave-guide carrying 
attenuators and terminating at the face of an adjustable shorting piston. 
Here also the energy is reflected back to the beam divider, and interference 
between the two beams takes place at the detector. The detecting device records 
the energy minima as the reflector is displaced. The distance between conse- 
cutive minima is nominally equal to half the wave-lenght of the radiation 
in the prevailing atmospheric conditions. 

To make an observation the movable reflector is displaced through an exact 
integral number of minima by means of accurately calibrated end-gauges and 
a micrometer. The total displacement used was about 162 cm, and since the 
settings on the position of an interference minimum were generally reprodu- 
cible to within + 3 4, the apparent wavelength in air could be established 
from a single displacement to an accuracy of about + 3 parts in 10°. 

Because the lateral dimensions of the transmitting horn and reflector extend 
over but a few wavelengths, diffraction produces an error in the result. This 
error can be eliminated if displacement measurements are made over the same 
number of minima when the mean position of the reflector is set at two or 
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more different distances from the transmitting horn. The method is based 
upon the use of distances sufficiently large for the transmitted and reflected 
wavefronts to be substantially spherical. 

Another, smaller, source of error successfully eliminated was that produced 
by stray reflexions from fixed objects in the room. 

Velocity is obtained from the product of frequency and corrected wave- 
length. Frequency can be measured by comparing the microwave oscillator 
against a high harmonic of a standard quartz oscillator, in the manner used 
for the refractive index measurement. 

The velocity, reduced to vacuum, obtained by this method is in very close 
. agreement with that obtained at the National Physical Laboratory by a cavity 
resonator. A complete list of recent values is given in Table III. 


The work described above is part of the research programme of the National 
Physical Laboratory, and this paper is submitted to this Conference by per- 
mission of the Director of the Laboratory. 


SUPPLEMENTO AL VOLUME IX, SERIE IX, DEL NUOVO CIMENTO N. 3, 1952 


Contribution a l’amélioration du pouvoir séparateur, 


M. FRANGON 


Institut d’Optique - Paris 


Cas des sources ponctuelles. 


Lorsque l’on veut améliorer le pouvoir séparateur d’un instrument on 
cherche généralement à opérer un amincissement de la tache centrale du phé- 
nomène de diffraction. Cet amincissement s’accompagne d’un renforcement des 
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Fig. 1. 


anneaux de diffraction qui 
n’est pas nuisible lorsque 
l’on observe des sources ponc- 
tuelles. 

On peut également créer 
un repère dans la tache de 
diffraction, ce repère consti- 


tuant un test pour la mesure de la distance angulaire des sources. C'est cette 
dernière méthode qui a été utilisée pour la première fois par M. A. DANJON au 
moyen des franges de Talbot. Nous employons, dans ce qui va suivre, une 


méthode analogue mais par un pro- 
cédé différent. 

Considérons (fig. 1) une source lu- 
_mineuse ponctuelle S éclairant un 
système optique 0. Ce dernier, sup- 
posé parfait, donne en §’ une image 
de diffraction dont la structure est 
bien connue. C’est le disque d’ Airy 
représenté en amplitudes sur la fig. 2. 
Supposons que nous interposions au 


amplitudes 


distances au 
centre de image 


voisinage de l’image S' (fig. 1) un système biréfringent P tel qu’un polariscope 
de Savart. On sait que cet instrument est constitué par deux lames de quartz 


ou de spath d’épaisseurs identiques et taillées à 45° de l’axe et croisées. Un 
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rayon incident tombant sur la première lame LZ, (fig. 3) est dédoublé en 2 
rayons, un rayon ordinaire O non dévié et un rayon extraordinaire £ dévié. 
La lame L, étant croisée avec la lame L,, le 
rayon 0 devient extraordinaire dans la deuxiè- ty Te 
me lame L, et le rayon £ devient ordinaire. Ces 
deux rayons OF et HO sortent en phase si le 
rayon incident est normal aux lames du polari- 
scope. Si on incline un peu le polariscope, la 
différence de phase d’abord nulle augmente 
d’autant plus rapidement que l’épaisseur des 
lames du polariscope est plus grande. D’un 
objet situé à distance finie le polariscope de 
Savart donne deux images dédoublées en largeur Fig. 3. 
et situées dans un méme plan. Si le polariscope 
est placé entre nicols ces deux images peuvent interférer et c’est le phénomène 
qui est utilisé sur la fig. 1. Les nicols (polaroid) n’y sont pas représentés 
mais il suffit de savoir que le polariseur 
| amolitudes peut étre placé n’importe où avant P 
OE | £0 et l’analyseur également à un endroit 
quelconque après P. 

Dans ces conditions au lieu d’avoir une 
image de la source S on a deux images OF 
et HO représentées en amplitudes sur la 
fig.4. A la sortie du polariseur les, vibra- 

Fig. 4. tions correspondant à ces images sont rectan- 

gulaires (fig. 5). Si l’analyseur et le pola- 

riseur sont croisés et à 450 des axes du polariscope, les vibrations se projettent 
en OA et OB sur la direction de vibration de 


distances è l'axe 


Ss 


l’analyseur. Les vibrations sont en opposition OE polariseur 
et Yon doit retrancher les ordonnées sur la 
fig. 4. 


Les amplitudes étant égales en M,on a une 
frange noire dans cette région, comme le mon- 
tre la fig. 6. 

Si D est le diamètre de l’objectif O, r la 
distance OS’, e la distance du point ot Von \analyseur 
veut calculer l’intensité au point S’ situé a Fig. 5. 
égale distance des centres des deux figures de 
diffraction OF et HO, dle dédoublement linéaire dù au polariscope, Ala longueur 
donde, e l’épaisseur de chaque lame du polariscope, on a 
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1 
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d=7-10-=3-e (quartz) d= 0,15 -e (spath). 
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En posant 


la répartition des intensités lumineuses le long de l’axe passant par les centres 
des images OF et HO (fig. 6) est donnée par 


I 2d,(W) 2J(W')}? 
TE W W' 2 


J,(W) étant la fonction de Bessel d’ordre 1. 
Supposons maintenant que nous ayons deux sources lumineuses ponctuelles 
incohérentes. Si les deux sources sont extrémement rapprochées, l’ensemble se 
comporte pratiquement comme une 
intensités Jumineuses source ponctuelle unique et on a la 
fig. 6. La frange centrale est parfaite- 
ment noire et on peut remarquer que 
ceci est vrai quelle que soit la longueur 
d’onde puisque le polariscope de Savart 
distances donne, sous l’incidence normale, deux 
a l'axe . 
È rayons en phase quelle que soit la 
Fig. 6. longueur d’onde. 

Si les deux sources s‘écartent, on 
congoit qu’il arrive un moment où, les deux images empiétant l’une sur 
l’autre, le contraste de la frange centrale baisse. La frange centrale disparait 
méme lorsque la distance angulaire x des sources est donnée par 

0,8-A 


D 


Comme il est facile de mesurer des contrastes méme peu différents du con- 
traste maximum, il est possible de mesurer des distances angulaires plus faibles 
que la valeur précédente. 


Par exemple deux sources situées 4 la distance angulaire 
0,3°A 
feno 


produisert une baisse de contraste de 10% qui peut étre facilement mesurée. 
On peut done dire qu’il est possible de mesurer la distance angulaire de deux 
sources ponctuelles lorsque leur distance est quatre fois au dessus du pouvoir 
séparateur normal 1,22 - A/D. 
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Cas des objets étendus. 


Il est évident que l’expérience précédente ne donne pas de résultats si 
p 


Von a affaire à un objet étendu, sauf dans le cas d’une ligne fine lumineuse 
dirigée perpendiculairement au dédoublement produit par le polariscope. On 


oc 


peut alors opérer d’une facon très différente et nous reprendrons pour l’exposé 
qui suit l’expérience classique d’Abbe. 

Considérons un réseau d’amplitude R, éclairé en lumière cohérente et observé 
par un microscope dont O est l’objectif et oc l’oculaire (fi. 7). Si les traits du 
réseau Rne sont pas trop serrés, 
on a, dans le plan focal de 
l’objectif O, l’image directe S’ 
de la source avec de chaque 
coté les différents spectres de 
diffraction S{, Sj, ete. 

L’image R’ du réseau PR ré- 
sulte de l’interférence des vi- 
brations diffractées par S’ et des 
différents spectres. L’image re- 
produit d’autant plus fidèlement 
Vobjet qu’un plus grand nom- 
bre de spectres sont admis par 
Vobjectif O. Si les traits sont 
de plus en plus serrés, il arrive 
un moment où seule image di- 

Fig. 8. recte S’ pénètre dans le micro- 

scope:le plan A’ est alors unifor- 

mément éclairé et image du réseau disparait. On dit quele «pas » du réseau 
est en dessous du pouvoir séparateur de l’objectif 0. 

Eclairons maintenant le réseau R non plus dans son entier mais seulement 
par une fente fine orientée parallèlement aux traits du réseau. La fente est 


fente fine 
gian objet R 


| 


O 


i plan conjugue du 
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supposée avoir une largeur plus faible que celle des traits du réseau (fig. 8). 
Son image est la tache de diffraction I qui est considérablement exagérée sur 
la fig. 8. Elle est caractéristique de l’objectif O du microscope. 

Déplacons la fente fine parallélement a elle-méme. Chaque fois qu’elle passe 
devant un trait transparent du réseau, le champ s’illumine et chaque fois qu’elle 
passe devant un trait opaque le champ s’éteint. 

Si le pas du réseau est trés inférieur au pouvoir séparateur, on peut balayer 
plusieurs traits du réseau sans que l’image J soit pratiquement déplacée. 
Mais l’intensité lumineuse globale de l’image J varie en suivant une loi qui 
peut reproduire fidélement celle de l’objet. On a ainsi un moyen d’analyser 
un réseau dont le pas peut étre considérablement au dessous du pouvoir sépa- 
rateur du microscope utilisé. Naturellement si l’on veut étudier un objet quel- 
conque non périodique il est nécessaire de remplacer la fente fine par un très 
petit trou placé contre l’objet. On peut en obtenir assez facilement en utilisant 
une lame de verre aluminisée par évaporation dans la vide. La couche ainsi 
obtenue n’est jamais parfaite et il y a toujours des petites piqùres qui peuvent 
convenir pour cette expérience. En plagant l’objet sur la lame aluminisée 
servant de porte objet et en le déplacant légèrement on voit la tache de dif- 
fraction, image du petit trou, disparaître, puis réapparaître, en suivant une 
loi qui est également celle de l’objet. 

Dans le cas où l’on ne veut pas étudier visuellement l’objet, on peut re- 
cevoir l’énergie diffractée par la fente ou le petit trou directement sur une 
cellule, le microscope devenant inutile, comme l’a fait remarquer M. JAQUINOT. 
L’expérience donne théoriquement un gain considérable limité par des consi- 
dérations techniques de réalisation de la fente ou du trou, du repérage de leurs 
déplacements et de leur distance a l’objet. 


INTERVENTI E DISCUSSIONI 
== fh, Ch Se Ue lahore 


Serait-il possible de mesurer la distance de deux points lumineux situés sur une 
ligne passant par l’eil a différentes distances de celui-ci? 


— M. FRANGON: 

Dans le cas où l’on considère deux sources lumineuses ponctuelles situées dans deux 
plans différents, si la distance des deux plans est convenable, l’une des sources donne 
un phénomène de diffraction è centre noir et l’autre, sur laquelle on fait la mise au 
point, donne l’image normale. On voit la deuxième a travers la première, si l’on peut 
dire, et le pouvoir de séparation devient considérable. 


[Voir aussi J. M. Orpro y Navasques et G. ToRALDO DI FRANCIA dans les « Inter - 
venti e Discussioni» après la communication de A. MARÉcHAL et P. LACOMME, 
pag. 357 (N. d. B.)] 
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Experimental Demostration on the Microwaves 
and their Optical Analogs. 


Gabe HUE iran) 
Wilder Laboratory, Dartmouth College - Hanover, New Hampshire 


The advent of vacuum tubes for the production of microwaves and fixed 
erystals for detecting them have made it possible to demonstrate readily all 
the optical properties of electromagnetic radiation. The apparatus which I 
shal] describe to you makes use of radiation of wavelength 3,2 em and the 
experiments which will be carried out are essentially those for free space mi- 
crowaves, demonstrating the analogous phenomena of geometrical and phy- 
sical optics. These experiments have already been described in a preceding 
work of mine (1). 

Because of the fact that a microwave generator produces plane polarized, 
coherent, monochromatic radiation, one would expect some differences to oc- 
cur between the optical properties of free space microwaves and those of light. 
This is indeed the case, for a light source is seldom strictly monochromatic; 
its wavelenght is less by a factor of 105 and its radiation is not coherent. 
Consequently, the optical analogs of microwaves must be considered as ana- 
logs and not as identities. 


Generator and Receiver for 3,2 cm Microwaves. 


The generator and receiver for 3,2 cm microwaves are shown in fig. 1. A 
Western Electric 2 K 25 or 723 A/B reflex klystron is used as the microwave 
source (2). This tube requires two power supplies, one regulated at 300 V 
and about 30 mA, to accelerate the electron stream through the cavity, and 
another to apply a variable negative voltage from 0 to —300 V between the 
cavity and repeller. A means for modulating the repeller voltage with an audio 


(*) Now Science Attaché at the American Legation of Bern. 
(1) G. F. Hutt, jr.: Am Journ. Phys. 13, 384 (1945) 
(2) J. R. PIERCE: Bell. Lab. Rec., 23, 287 (1945). 
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oscillator should also be provided. This tube will deliver about 30 mW power, 
in a frequency range from 8500 to 9700 MHz (3,5 to 3,1 em). The coaxial 
output of the 723 A/B tube is coupled to standard 0,5 inch x1 inch (outside 
dimensions) rectangular wave guide having 0,050 inch wall thickness. The 
TE,, mode (*) is excited in the rectangular guide and the microwaves are pro- 
pagated along it and radiated from the 20 db horn which is shown in fig. 1 
mounted together with the 723 A/B tube and its section of wave guide on a 
wocden bench. Wave guide mounts for the 723 A/B tube and also power 


Fig. 1. — Transmitter and receiver with horn radiators for 3 em microwave experiments. 


supplies can be bought from suppliers of microwave apparatus or can be made. 
The deta‘ls of construction of the wave guide mount is given in the Western 
Electric circular describing the operation and performance of the 723 A/B tube. 

The receiver which is shown clamped to a rod stand in fig. 1 consists of a 
short section of wave guide into which a Western Electric 1N23B fixed erystal 
detector is appropriately mounted. This piece of wave guide is shorted at one 
end and has a plane rectangular coupling flange at its open end. The crystal 
output is connected with coaxial microphone cable to either an audio amplifier 
and loudspeaker for demonstration or to a vacuum tube voltmeter if precision 
measurements are required. If the crystal is «square law » which is usually 
the case, the vacuum tube voltmeter will measure directly the relative micro- 
wave power received. Although such a receiver can be built, it is simpler to 
buy a wave guide crystal mourt from one of the suppliers of microwave appa- 
ratus. Since the receiver is small, it can be used as a probe for exploring ra- 
diation coming from different directions. It can be held in the hand for this 


(8) J. C. SLATER: Microwave transmission (New York, 1942), Chap. 3. 
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purpose and moved about. Since the TE,, mode has the electric vector across 
the short dimension of the wave guide, the receiver is also an analyzer for the 
polarization of the microwave radiation. Finally the receiver can be mounted 
on a wooden bench similar to the one on which the transmitter is mounted. 
Other sections of wave guide and horns can be attached to the receiver by 
means of the coupling flange. 

In fig. 1 two horn radiators are shown: a rectangular one attached to the 
generator on the wooden bench and a circular one in the foreground (4). Each 
horn has an absolute gain of 20 db. The rectangular horn, which is attached to 


7 


de * si PD 


Fig. 2. - Wave guide components for demonstrating transmission of 3 cm microwaves 
through wave guides. 


standard 0,5 inch x1 inchrectangular guide, has the dimension of 3,64 x 4,45 for 
its open end and an axial length of 67, where 4 is the free-space wavelength. 
The circular horn has a diameter of 4,44 for its open end and an axial length 
of 6A, and is attached to standard 1 inch outside diameter circular wave guide 
having a 0,032 inch wall thickness. Each of these horns has a total beam width 
of around 8° at the half-power points. The circular horn can be substituted 
for the rectangular horn on the transmitter, and the TE,, mode (*) will be 
excited in the circular wave guide. If this substitution is done, a standing 
wave will be produced in the section of rectangular guide from the generator 


(4) G. C. SoutHwortH and A. P. Kine: Proc. I.R.E., 27, 95 (1939). 
(3) Ref. (3), p. 162. 
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because of the sharp discontinuity at the rectangular-circular wave guide 
junction. For demonstration purposes the discontinuity is not troublesome. 
However, for many measurements, it is desirable to eliminate the standing 
wave. This can be done by the insertion of a transition section of guide which 


Fig. 3. — Standing wave detector and wave meter for 3 cm microwaves. 


changes gradually from rectangular to circular wave guide. Such a transition 
section is shown in fig. 2. 

A number of other wave guide components are also shown in fig. 2 which 
are useful in wave guide measurements. The lowermost of these is a 0,5 inch 
internal diameter circular guide loaded with a polystyrene rod. When the 
polystyrene rod is removed, the wave guide diameter is below cutoff and hence 
the microwaves are not transmitted through it. Next is the transition section 
from rectangular to circular guide, followed by a twist section to change the 
polarization through a right angle, and last, two rectangular wave guide bends. 
In fig. 3 are shown a 3 cm standing wave detector and a wave meter. With 
the apparatus shown in figs. 1-3, the experiments with wave guides previously 
described by the author for 10 and 20 cm microwaves can be performed with 
3 cm microwaves (°). 


(5) G. F. Hutt, jr.: Am. Journ. Phys., 13, 384 (1945). 
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Transmission and Reflection. 


Besides the transmission of 3 cm microwaves through the various wave 
guide components shown in fig. 2, the transmission of free-space microwaves 
through various dielectrics such as sheets of glass and plywood can be demon- 
strated by inserting them between the transmitter and receiver. These dielectrics 
are also partial reflectors. For these demonstrations the receiver should be at 
some distance from the horn radiator. A sheet of copper or 1/8 inch mesh 
copper screening are excellent reflectors and prevent the transmission of the 
3 em microwaves. Standing waves in air can be produced by reflection from 
a copper sheet and an approximate wavelength measurement made. A plywood 
sheet which has been wound with wire spaced 1/8 inch apart completely stops 
and reflects 3 em microwaves when the wires are parallel to the electric vector, 
but transmits the radiation when the wires are at right angles. If the wire is 
spaced 0,5 inch on the plywood sheet, it will be found to be about half-reflecting 
and half-transmitting when the wires are oriented parallel to the electric 
vector. 

Another interesting demonstration is to fasten a piece of « Z, cloth» in a 
wooden frame of such thickness that, if a brass sheet is placed against the 
frame, it will be exactly 4/4 from the Z, cloth. This combination is a perfect 
absorber of microwaves. The Z, cloth can be made of canvas painted with 
Aquadag so that it will have a resistance of 377 Q per square inch or can be 
bought. When this cloth is backed by a perfectly conducting sheet placed 
2/4 from the cloth, the combination matches the impedance of free space, 
namely 377 Q in the mks-unit system, and absorbs all the microwave energy. 
Later we shall see that a number of analogs exist between electrical trans- 
mission line theory and optics when we make use of the impedance presented 
to electromagnetic waves by free space, and by dielectrics both natural and 
artificial. 

Instead of using a sheet of brass as a reflector, one can also use an ordi- 
nary plane mirror of silvered glass. It is easy to show for microwaves as for 
light that the angles of incidence and reflection are equal. Two silvered mirrors 
or two brass sheets at right angles will reflect the microwave radiation in the 
direction from whence it came. Finally a concave spherical mirror, if large 
in aperture, will focus the microwave radiation sharply. The author uses a 
silvered-glass, concave mirror 12 inches in diameter and 20 inches in focal 
lenght for this purpose. For short focal lengths and large diameters, parabolic 
reflectors of metal are used. 
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Interference and Diffraction. 


Because of the long wavelength of microwaves compared to light, inter- 
ference from double- or multiple-slits can be demonstrated with large slits 
spaced only a few wavelengths apart. In fig. 4 two brass plates 10 inches square 
are shown with two and four slits, respectively. The slits are A/2 XA in size 
and are 2A apart. By making the slits narrow, the diffraction pattern due to 
a single slit covers a total angle of more than 180° and has little effect on the 
interference pattern produced by the slits. To show the interference from two 
slits, the brass plate is placed in a holder clamped to the wooden bench sup- 
porting the transmitter and a few inches from the open end of the horn. The 
receiver can then be moved about in front of the double slit screen to locate 
the maxima. Besides the central maximum, there are maxima at 30° and 90° 
on either side of the central maximum because the slit spacing is 2A. Another 
brass plate with two slits spaced 47 apart will give four maxima on either 
side of the central maximum. Finally the brass plate shown with four slits 
spaced 24 apart gives an interference pattern which is the combination of the 
two double slit patterns in which the slit spacings are 27 and 47. 

As a corollary to Young’s double-slit experiment, interference can be pro- 
duced by means of reflection as in Lloyd’s single-mirror experiment. All 
that is required is to place a brass plate just to one side and in front of the 
horn radiator and then investigate the interference pattern with the receiver. 

In fig. 4 two zone plates are shown for demonstration of Fresnel diffraction. 
The fixed zone plate on the left has even-numbered half-period zones cut from 
sheet galvanized iron and tacked to 0,5 inch thick plywood board, thus exposing 
odd numbered, half-period zones. The zone plate on the right has four zones 
cut from sheet galvanized iron which are supported on a plywood board with 
two pins at the top of each zone. These zones are removable so that the effect 
of removing successive zones one after the other can be demonstrated when 
the receiver is placed at the focal point of the zone plate. Each zone plate 
has a focal length of 107 and the radii of the zones are given by the usual 
equation 7, = [nfA + (nA/2)?]"2, where n is the number of the zone, f the 
focal length, and 4 the free-space wavelength. The zone plates should be 
placed at some distance from the transmitter to insure a plane wave striking 
the zone plate. When this is done the focal point is very sharp and can be 
easily located within + 4/2. 

One might wonder why a zone plate is not generally used for the microwave 
antenna, The reason is that half the microwave energy is lost by reflection 
from the covered zones, assuming that the area of each zone is the same as 
that of any other zone and the gain of an antenna is 47 times the area of the 
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antenna in square wavelengths (7). Furthermore the phase difference of the 
energy emerging from successive exposed zones is on the average one wave- 
length, but not exactly one wavelength for arbitrary points chosen in adjacent 
exposed zones. The reduction in area by one-half accounts for 3 db loss while 
the variation in phase over exposed zones accounts for an additional 2 db 
loss, a total of 5 db loss for a zone plate antenna compared to a parabolic 
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Fig. 


D 


4. — Double and quadruple slits and zone plates for demonstrating interference 
and diffraction of 3 cm microwaves. 


reflector of the same diameter. A parabolic reflector has the property of 
transforming a plane wave into a spherical wave with center at the focal point 
of the parabola. 

Fraunhofer diffraction from a rectangular or circular opening is exhibited 
by the radiation patterns of a rectangular or circular horn, or a parabolic 
reflector (7). To demonstrate or measure a Fraunhofer diffraction pattern, 
a horn with receiver attached should be mounted on a rotating stand at a large 
distance from the microwave transmitter. The transmitter and horn whose 
pattern is to be measured should first be lined up and then as the horn is 
rotated, the received microwave power as a function of angle is measured. 
The vacuum tube voltmeter connected to the crystal detector of the receiver 
will measure relative microwave power directly, provided the crystal obeys the 
square law. To obtain the diffraction pattern of a parabolic reflector, the 


(7) G. F. Hutt, jr.: Am. Journ. Phys., 15, 111 (1947). 
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receiver should be mounted at the focus of the parabola and the entire 
assembly rotated about a vertical axis as is done with the horn. 

Another interesting demonstration, as well as an instrument for precision 
measurement, is the microwave Michelson interferometer. This instrument 
is shown in fig. 5 and consists of the microwave transmitter, two totally reflecting 
mirrors of brass 10 inches square, mounted on movable supports on the wooden 


Fig. 5. — Michelson interferometer for 3 cm microwaves. 


benches, a half-reflecting mirror made by winding wires 0,5 inch apart on a 
12 inches plywood board, which is mounted on a rotating support on a ‘wooden 
bench, and the receiver which is shown clamped in a rod stand in the fore- 
ground. The transmitter, mirrors, and receiver must be carefully lined up. 
When one of the totally reflecting mirrors is moved slowly along the wooden 
bench, the receiver will indicate the passage of maxima and minima corre- 
sponding to bright and dark fringes in the optical case. In fact, when the 
interferometer is properly adjusted, the minima are extremely sharp and are 
30 to 40 db below the maxima in intensity. If several sheets of dielectric such 
as glass or plywood are placed in one arm of the interferometer, the receiver 
will indicate maxima and minima as the sheets are removed one after the 
other. The index of refraction of a dielectric can be measured by noting the 
fringe shift produced by the insertion of a known thickness of dielectric in 
one of the interferometer arms, as is done in the optical case. In the micro- 
wave region the index of refraction of ordinary window glass is about 2,0 and 
that of plywood about 1,3. Hence, four sheets of single weight window glass 
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or four sheets of 1/4 inch plywood inserted in one arm of the interferometer will 
produce a shift of about one fringe. The microwave Michelson interferometer 
is capable of high precision and is especially useful in measuring the dielectric 
constants of artificial microwave dielectrics which will be discussed in the 
next section and which cannot be placed inside a 3 em wave guide. As a 
precision instrument, the interferometer must be rigidly constructed with rigid 
mirrors equipped with screw drives. 


‘Refraction, Total Internal Reflection and Artificial Dielectries. 


The refraction of microwaves by dielectric materials can be demonstrated 
in many ways. In the case of microwaves it is possible to use ordinary matter 
as the refractive medium which may or may not be transparent to light, or 
because of the special properties of microwaves, artificial dielectrics can be 
constructed which refract microwaves but not light. Two types of artificial 
dielectrics will be discussed. 

In fig. 6 two 60° prisms, 10 inches on a side, are shown. The prism on the 
left is made of paraffin (index of refraction 1,47) and the one on the right is 


ead 


Fig. 6. — Paraffin and wave guide prisms for 3 cm microwaves. 


made of sheets of galvanized iron forming parallel-plate wave guides. The 
paraffin prism is contained in its form which is made of 1/4 inch plywood. If 
the paraffin prism is placed in front of the horn radiator, it is found that the 
microwave beam is bent in the same way that a light beam is bent by a glass. 
prism. Holding the microwave receiver in the hand and rotating the prism, 
one can locate the angle of minimum deviation, which for a 60° paraffin prism 
is 33°. With aright angle prism made of paraffin, total internal reflection of the 
3 cm microwave beam can be demonstrated. If the microwave receiver is 
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brought close to the totally reflecting surface of this prism, the presence of 
surface waves, the distance which these waves emerge from the paraffin surface 
and their polarization can be readily shown. The wave guide prism in fig. 6 
operates only as a prism when the electric vector is parallel to the metal plates 
of the prism. For this case the TE, mode for a parallel plate wave guide is 
excited, and the wave velocity in the parallel plate guide is greater than the 


Fig. 7. — Three lenses for 3 cm microwaves. Left to right are a glass lens, an artificial 
disk dielectric lens, and a wave guide lens. 


free space velocity. The wave velocity is given by v= e[1 — (A/2b)?]-/2, where 
cis the velocity of light, 7 the free-space wavelength, and d the spacing between 
the metal plates (*). The index of refraction of the parallel plate wave guide 
is then n= [1 — (4/2b)?]!?. The prism shown has an index of refraction of 0,6 
corresponding to a plate spacing b = 0,79 inch. The plate spacing is eritical and 
should be maintained to within + 2 percent. Because the index of refraction 
is.less than unity, the microwave beam is bent in the opposite direction from 
what it is for the paraffin prism. By rotating the wave guide prism, an angle 
of minimum deviation can be located with the aid of the receiver and is — 240, 
If the wave guide prism is oriented with its plates perpendicular to the electric 
vector, the TM, mode is excited whose wave velocity is the same as in free 
space (*), and consequently the microwave beam is not deviated. The arti- 
ficial wave guide dielectric prism therefore operates only for plane-polarized 
microwaves with the electric vector parallel to the wave guide plates.  Evi- 
dently this dielectric will exhibit a type of double refraction for unpolarized 
microwaves, and later we shall describe experiments in which this property 
of the metal plate dielectric is used. 

Besides prisms, lenses can also be constructed. Plano-convex lenses of 
paraffin can easily be made by filling 8 or 10 inches diameter watch glasses with 
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paraffin. Glass lenses and lenses made of artificial dielectrics can also be used. 
In fig. 7 three lenses are shown. The lens at the left is a 10 inches diameter glass, 
plano-convex condensing lens, the lens in the center is an artificial dielectric 
lens made up of an array of thumb tacks, and the one on the right is a lens 
made up of parallel-plate wave guides. All of these lenses exhibit the usual 
properties expected of lenses. Their focal length for 3 em microwaves can be 
determined experimentally within + A, which, considering that the lens dia- 
meters are about 84, is reasonable precision. 

The parallel-plate wave guide lens has the same refractive properties as has 
the wave guide prism previously described. The galvanized iron lens plates are 
supported in a wooden frame 12 inches x 12 inches with a plate spacing 
b= 0,79 inches + 2 percent which gives an index of refraction of 0,6. Since 
the index of refraction is less than unity, a converging lens is plano-concave. 
Such a lens has a focal length of 127, a diameter of 9A, and a radius of cur- 
vature of 4,84. With these particular dimensions, it is not necessary to zone 
or step the lens, and the departure of the spherical surface from the true ellip- 
soidal surface is not greater than 0,2 inch or a phase difference of 7/16 at the 
extreme, which is within the tolerance limits for this type of lens (8). To 
obtain the correct radius for each plate, it is simpler to draw the entire lens 
to scale and take off the radii with dividers rather than calculate each radius 
individually. Like the wave guide prism, the wave guide lens operates as 
a lens only when the electric vector is oriented parallel with the plates. 

It is interesting to note at this point that we can define an index of refraction 
for a parallel-plate wave guide from which we can make the same type of cal- 
culations that is done for an ordinary dielectric. For example, we can calculate 
the reflection coefficient. Also, we can define a characteristic wave impedance 
for the parallel-plate wave guide and for free space, and from these quantities 
caleulate the reflection coefficient. Both methods must yield the same value 
for the reflection coefficient, and consequently one would expect analogs to 
exist between transmission line theory and optics (°). Another example of 
this analog is the case of a quarter-wave transmission line and coated lens. 
Two transmission lines of different characteristic impedances can be connected, 
without producing reflection, by a third transmission line, a quarter-wavelength 
long whose characteristic impedance is the geometric mean of the charac- 
teristic impedances of the two lines. Similarly, a glass lens coated with a 
quarter-wavelength thickness of dielectric whose index of refraction is the 
geometric - mean of the indices of refraction of glass and free space will be 
reflectionless for one particular wavelength. 

Another interesting analog is the microwave equivalent of molecular arrays 


(8) W. E. Kock: Proc. I.R.E., 34, 828 (1946). 
(9) Ref. (3), p. 95. 
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which is exemplified by the lens made of an array of thumb tacks shown in 
the center of fig. 7. Since a piece of metal whose dimensions are small com- 
pared to a wavelength can be driven in forced oscillation by an electroma- 
gnetic radiation field, an array of identical metal pieces such as spheres, disks, 
or rods should behave in the same way that a dielectric made up of a mole- 
cular array behaves when exposed to light. In cther words, an array of disks 
have a dielectric constant x, =1 + Na/e, where « is the polarizability of 
the disk, N the number of disks per unit volume, and « the electric inductive 
capacity of free space. This is the same as the classical expression for a di- 
electric in which « is the polarizability of a molecule and N the number of 
molecules per unit volume. _ 

The expression for x, is applicable only when the disks are far from reso- 
nance and there is no interaction between the fields of adjacent disks. In 
general, we would expect an artificial disk dielectric to obey the Ciausius- 
Mossotti equation at long wavelengths and to exhibit the phenomenon of ano- 
malous dispersion at short wavelengths when the mi- 
crowave frequency approaches the resonant frequency 
of the metal disks. 

The general criterion for the design of an artificial 
dielectric made up of an array of identical metal ele- 
ments is that the dimensions of the elements should 
be less than 7/4 and the spacing of the elements less 
than 4. If the spacing is greater than A, diffraction- 
occurs similar to X ray diffraction by crystals. Fur- 
thermore, the metal elements should be thin in 
the direction of propagation of the microwaves (19). 
On the basis of this criterion, the artificial disk 
dielectric lens shown in the center of fig. 7 was con- Fig. 8. — Arrangements 
structed. Since the polarizability of a metal disk is of disks: in artificial 
?/, ed, where d is the disk diameter, the dielectric disk dielectric lens for 


constant or square of the index of refraction of a disk 3 cm microwaves. 
dielectric is n? — x,= 1 + ?/, Nd?. The actual array i = ats Hi 
= Nn Va 


used is shown in fig. 8 and the dimensions shown 
aree a Chin 1S — lS cme ands; — em: “These 
dimensions give N= 1,18 disks per cm? and a calculated index of re- 
fraction n= 1,33. The metal disks used were thumb tacks 3/8 inch (0,95 cm) 
in diameter which were stuck into sheets of polystyrene foam 1 cm thick 
and 8 inches square. Polystyrene foam has a density of about 1,5 lb. per cu. ft. 
and an index of refraction of 1,01. It has practically no refractive 
effect on the microwaves. The lens is plano-convex with a radius of curvature 


(19) W. E. Kock: Bell. Syst. Techn. Journ., 27, 58 (1948). 
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of 5 inches and a calculated focal length of 15 inches. Five sheets of polystyrene 
foam are used. As shown in fig. 8, the disks in alternate layers are staggered. 
This is done in order to increase the number of disks per cm*. To determine 
the radius of the circular area to be covered by thumb tacks on each sheet 
of foam, it is simpler to draw the lens to scale and take off the radii with dividers 
rather than calculate each radius individually. The positioning of the thumb 
tacks is best accomplished by marking out the circular area and dotting in 
the thumb tack centers on thin paper. This paper is then placed on the foam 
sheet and the thumb tacks pushed through the paper into the foam. After 
all the sheets have been filled with the required number of tacks, the sheets 
are put together and supported in a wooden frame. The lens when completed 
and measured is found to have a focal lenght of 10 inches instead of the caleula- 
ted value. This means the index of refraction of the disk dielectric is 1,5 instead 
of the calculated value of 1,33. The discrepancy between calculated and mea- 
sured index of refraction is to be expected because of the effect of the Clausius- 
Mossotti equation and because the diameter of the thumb tacks is slightly larger 
than 7/4. Unlike the wave guide dielectric lens, the disk dielectric lens ope- 
rates independently of the polarization of the microwave radiation. Also the 
index of refraction of the disk dielectric remains essentially constant for longer 
wavelength microwaves, which is not the case for the wave guide dielectric. 

The index of refraction of artificial dielectrics can be measured with high 
precision with the microwave Michelson interferometer discussed iu the previous 
section. The procedure is the same as in optics. Essentially what is done is 
to insert a sheet of artificial dielectric about one foot square and of known 
thickness in one arm of the interferometer and measure the fringe shift, from 
which the index of refraction can be calculated. 


Polarization. 


As has been pointed out, the microwave radiation from the transmitter 
is plane polarized. For polarization experiments it is often desirable to have 
elliptically or circularly polarized radiation, Elliptically polarized radiation 
is easily obtained by placing a sheet of glass, polystyrene, or other dielectric 
in front of the horn radiator with the plane of the sheet at 45° to the electric 
vector and parallel to the direction of propagation. Elliptically and circularly 
polarized microwaves can also be obtained by use of the artificial wave guide 
dielectric discussed in the previous section. If this dielectric is made with a 
plate spacing to give an index of refraction of 0,6 when the electric vector 
is oriented parallel to the plates, it will also have and index of refraction of 
unity when the electric vector is at right angles to the plates. Consequently, 
if an appropriate thickness of wave guide dielectric is placed in front of the 
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horn radiator with the plates oriented at 45° to the electric vector, elliptically-, 
circularly-, or plane-polarized radiation will result. The thicknesses for a 
quarter- or half-wave plate of wave guide dielectric are calculated in the same 
way as they are in optics using 0,6 for the extraordinary and unity for the 
ordinary indices of refraction. These thicknesses are 0,78 inch and 1,58 inches 
for the quarter- and half-wave plates, respectively, and the thickness tole- 
rance is + 2 percent. In the background of fig. 9 is shown a half-wave plate 
made of wave guide dielectric. The plates are supported in a wooden frame 
12 inches square and have a plate spacing of 0,79 inch + 2 percent, the same 
spacing as the wave guide prism and lens. Although the quarter- and half-wave 
plates behave in a manner similar to those used in optics, the wave guide di- 
electric is not exactly similar in its double refracting properties to a uniaxial 
crystal, because the wave guide dielectric does not have an optic axis. In 
general, microwaves pass through the wave guide dielectric with two com- 
ponents, one of which travels faster than the other, and whose amplitudes 
depends upon the orientation of the electric vector of the incident microwave 
radiation with respect to the plates forming the wave guides. 

One can extend the principle of the quarter-wave plate to a circular wave 
guide so that the radiation from a circular horn will be circularly polarized. 
All that is necessary to do is to split up the microwave radiation in a circular 
wave guide operating in the TH,, mode into two components of equal ampli- 
tudes and at right angles and delay the phase of one component by 4/4 
with respect to the other. This can be achieved by inserting in a circular 
piece of wave guide a sheet of dielectric along the diameter and oriented at 45° 
to the electric vector of the incident microwaves. The proper thickness and 
length of such a dielectric is not easily calculated, but can be found experi- 
mentally. The horn radiator shown in fig. 9 attached to the transmitter has 
a polystyrene strip 1/16 inch thick and 2,5 inches long across the diameter of the 
linch standard circular wave guide leading to the horn. The strip is oriented 
at 45° to the electric vector of the incident microwaves and the horn radiates 
circularly polarized radiation. If this polystyrene strip is replaced by one of 
the same thickness and 5 inches long, the result is a half-wave plate and the ra- 
diation coming from the horn is plane polarized with the electric vector ro- 
tated 900, 

A number of interesting experiments can be performed with various types 
of polarized microwaves. Circularly polarized microwaves can be plane pola- 
rized by reflection from a dielectric at the Brewster angle. In fig. 9 the cir- 
cular horn equipped with a quarter-wave plate radiates circularly polarized 
microwaves which are incident upon a sheet of window glass held in a rotating 
support on the wooden bench. The reflected microwaves are investigated 
with the receiver which is also an analyzer and when the glass is at the Brewster 
angle the reflected microwave radiation is. plane polarized. The index of 
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refraction of dielectrics can be measured by this method in the same way 
that it can be measured at light wavelengths. It is interesting to note that 
the thickness of window glass is about 7/16 for 3 cm microwaves, and is there- 
fore a thin film as far as microwaves are concerned. Evidently this technique 
can be extended to measure the index of refraction of thin films less than a 
wavelength thick in the region of light wavelengths, which is difficult by other 


Fig. 9. — Transmitter and receiver arranged for producing plane-polarized, 3-cm 
microwaves by reflection from glass at the Brewster angle. 


methods. Probably the thin film less than a wavelength of light thick would 
have to be mounted on a thick backing material, in which case the Brewster 
angle for the thin film and the backing dielectric would both be obtained. 
Experiments on the rotation of the plane of polarization of microwaves 
by sugar solutions, liquids such as turpentine, and crystals such as quartz 
have not shown any measurable rotation. However, it has been found that 
the Faraday effect exists in the microwave region for certain paramagnetic 
salts (4). Finally one might ask if double refraction exhibited by crystals in 
the region of light wavelengths also exists in the microwave region. The 
author has found that a Nicol prism will polarize microwaves as well as light, 
but Polaroids will not. This means that the indices of refraction for the ordi- 
nary and extraordinary rays of calcite must be nearly the same for micro- 


(11) M. C. Witson and G. F. Hutt, jr.: Phys. Rev. 74, 711 (1948). 
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waves as for light. The Nicol prism used in the microwave region must be 
large, and the author uses one 6 inches long. 

Evidently other experiments can be devised to show particular properties of 
microwaves. It has been the purpose of this communication to describe a number 
of simple experiments demonstrating the properties of free space microwaves 
and the measuring techniques which are used in microwave research. 


INTERVENTI E DISCUSSIONI 


— A. MARECHAL: 
Est-il possible de montrer également le changement de phase au passage d'une 
onde par un foyer? 


— C. Simon: 
L’expérience a déja été faite. 


— F. J. ZUCKER: 

This phase shift is often mentioned in optical textbooks, but difficult to demonst- 
rate at optical frequencies. At our Laboratory, we have performed a few such mea- 
surements at microwave frequencies. 


— G. ToRALDO DI FRANCIA: 


I wonder how you could find a net jump of z in the phase, beacause, according 
to theory, te phase is subject to wild oscillations before and after the focus. 


— F. J. ZUCKER: i 

I agree that the phase oscillates in the neighborhood of a focal point or line. 
Examination of the theoretical expression derived by DEBYE (1) reveals, however, 
that there is still a rapid (though not discontinuous) variation through the focus, of 
the following sort: 


This means that the phase distance from a point A sufficiently far on one side of 
the focus to a point A’ on the other side will differ from the optical distance AA’ 
by a net « phase-jump » of a (2/2 in case of focal line). Microwave measurements 
(some of them patterned after Gouy’s early optical experiments) bear out the theo- 
retical result although more work remains to be done in this direction. 


(3) P. DeByE: Ann. der Phys., 30, 755 (1909). 
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Sur la thermodynamique des ondes électromagnétiques. 
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I. — Physique des pincezaux. 


La thermodynamiques des pinceaux d’ondes électromagnétiques peut avoir 
un regain d’intérét et d’actualité en Radio-astronomie ainsi que dans le domaine 
des antennes rayonnantes (rayonnement du corps noir et bruit électrique) 
où on est amené à étudier un grand nombre de sources de rayonnement hertzien. 
La thermodynamique des pinceaux électromagnétiques se rattache aux travaux 
de JEANS, von LAUE et LANDE. C'est surtout & von LAUE qu’on est redevable 
des plus beaux résultats concernant ce domaine de recherches. Notre but est de 
présenter quelques remarques à ce propos et d’attirer l’attention des chercheurs 
sur les analogies qu’il peut y avoir, au point de vue thermodynamique, entre 
l’optique et la radioélectricité. 

Je vais me borner dans ce qui suit a la théorie électromagnétique classique 
de la lumière, les résultats obtenus gardant une certaine validité aussi en méca- 
nique quantique (cf. les intéressants travaux de M. GABOR). 


1. — Position de la question. 


Considérons le rayonnement contenu dans une certaine bande de fréquences 
Ay pendant l’intervalle de temps At, en un point P de l’espace et posons-nous 
la question suivante: si v, appartient à Av, quelle relation peut-il y avoir entre 
v, et la fréquence voisine v, de la méme bande Ay? Plus précisément, combien 
de données indépendantes faut-il se donner pour déterminer la distribution 
d’intensité dans toute la bande continue Ay pendant le laps de temps At? 
De méme, faisons tomber une onde rigoureusement monochromatique suivant 
l’angle solide AQ sur un élément de surface Ao sous l’angle d’incidence 0, et 
demandons-nous si l’intensité au point P, de Ao influe sur l’intensité simultanée 
en un point plus ou moins voisin de Ac. Plus précisément, quel est le nombre, 
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nécessaire et suffisant, de données indépendantes, indispensable pour déter- 
miner A l’instant ¢ la distribution d’intensité sur l’infinité des points situés 
sur Ao. La réponse, d’intérét fondamental, de von LAUE est qu'il suffit chaque 
fois d’un nombre fini de données pour définir le champ de rayonnement dans 
un domaine caractérisé par Ay et Ac. En d’autres termes, le domaine en question 
possède un nombre fini de degrés de liberté. Ce résultat est directement lié 
au probléme de la séparation d’objets émetteurs de rayonnement. 


2. — Degrés de liberté du champ de rayonnement. 


Rappelons que, d’apres JEANS, le nombre AZ de degrés de liberté du 
champ de rayonnement contenu dans une enceinte (de forme quelconque) de 
volume V est, dans la bande de longueurs d’onde AA 


(1) Wy a 


ao! y 


VE. R2 


Ainsi dans une cavité de V= 10 em, pour A=1em, 4%Z= 0,1cem, AZ= 25. 


3. — Degrés de liberté d’un ensemble d’oscillateurs (antennes rayonnantes). 


Si on imagine que le rayonnement a son origine dans des sources situées 
à l’intérieur de la cavité V ou sur ses parcis, le résultat (1) peut paraitre para- 
doxal. En effet, comme l’état du rayonnement en chaque point de la cavité V 
est déterminé par les potentiels retardés des N oscillateurs présents, logiquement 
AZ devrait étre proportionnel à ce nombre de sources N et non pas au volume V. 
On peut toutefois montrer, avec LANDÉ, qu’un grand nombre de degrés de 
liberté sont porteurs de quantités d’énergie évanescentes et s’éliminent ainsi, 
alors que les énergies correspondantes a d’autres degrés de liberté doivent 
leurs valeurs finies àl’existence d’oscillateurs situés en un point défini de l’espace, 
ce qui rétablit la proportionalité entre V et AZ. Soient en effet N oscillateurs 
répartis dans la cavité V. Le mouvement du k-ième oscillateur se décompose 
en intégrale de Fourier 


fato) exp [— 2rivt] dv, (a,(v) = quantité complexe). 


On observera en un point P,, du plan xy passant dans V, la composante 
harmonique correspondant & la fréquence » 


Ax (7) 


Av, @, 9) = Xi exp [2riv(i — riayl0)]; 


Troy 


c, étant le cosinus directeur entre la direction d’oscillation et la direction de 
polarisation observée. En développant A(v, 2, y) dans la bande (m— 4/2, 
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v, + 4v/2), sur le rectangle Ao = Ax: Ay, en série de Fourier, il vient 
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rai( n s 4 Vie Vola: Ay i). 


où le coefficient de Fourier G,,, a pour valeur 


1 . 
AvAx Ay 


af 
Gssa = 


Vo+4 v/2 c0+4x/2 yvot+Ay/2 


dy | de | dy A(y, 2, y) exp —2ai(* ee ip ee total, 
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x, et f, étant les cosinus directeurs du rayon allant du k-iéme oscillateur pour 
aboutir en deux points distincts x, y et 7, y de Ao. A chaque triplet d’entiers 
spq correspond done un point de l’espace r, x, 6 dont les oscillateurs rx, cx, Bx 
rendent maxima les trois facteurs de la forme (sin Q)/Q, maxima égaux a 1. 
Dans le cas de 4 très petits, la décroissance depuis le maximum jusqu’à zéro 
est si rapide dans l’espace que le coefficient G,,, ne dépend que de la densité 
et de l’intensité des oscillateurs qui se trouvent dans le voisinage immédiat, 
du point de l’espace correspondant a spq où les facteurs (sin Q)/Q sont maxima. 

On arrive alors au résultat intéressant suivant: les oscillateurs distribués 
dans un élément de volume dV= r? drdQ, donnent naissance, sur un élément de 
surface Ac, sous l’angle d’incidence 0 et dans la bande Ay, è une excitation 
hertzienne qui possède un nombre 4Z de coefficients de Fourier G,,, 
au plus égal a 


2 
(2) AL =", AvAv dr dQ cos 0 (si AZ >> 1). 


Les autres G,,, sont nuls, indépendamment du nombre d’oscillateurs contenus 
dans dV. Chaque G,,,7 0 doit son existence à l’existence d’oscillateurs dans 
une certaine région de l’espace. 
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4. — Degrés de liberté des pinceaux hertziens. 


Un pinceau d’ondes monochromatiques (cone hertzien) comprend tous 
les rayons venant de toutes les directions comprises dans l’angle solide d.Q 
convergeant vers un foyer pour diverger de Vautre cdte de ce foyer. On obtient 
un tel pinceau en superposant une famille continue d’ondes planes dont chacune 
occupe l’espace entier et dont les normales à la surface d’onde sont comprises 
dans l’angle solide donné dQ. Si on superpose des pinceaux de fréquences 
différentes » comprises dans la bande Ay on peut obtenir par un choix judicieux 
des phases et des amplitudes, que le champ d’excitation reste confiné aussi 
longitudinalement & une certaine région limitée, à savoir a la longueur 
1=eT =c/Av, si T est la durée d’excitation sur Ao, durée pendant laquelle 
le pinceau fini balaie la surface Ao. On peut se demander alors quel est le 
nombre de degrés de libertés (données indépendantes) d’un pinceau monochro- 
matique sur Ao dans l’angle solide 402. Le calcul montre que pour représenter, 
par analyse de Fourier, un pinceau rigoureusement monochromatique, limité 
par la surface Ao et AQ, la normale a Ao faisant l’angle 0 avec la direction du 
pinceau AQ, il faut 


Ac: cos 8-42 Ao-42:c08 0-7? 


22 e? 


(3) UWA: 


, 


coefficients de Fourier. 
Si d’autre part on représente par 


Aa) = > A COS (2a da L—_- a 


ojM8 


{avec la longueur d’onde 1, = 1/m) V’état de vibration suivant 1, d’un pinceau 
de longueur 7 et de durée 7 = l/e, il comprendra, dans la bande A, A + Ai, 
seulement les termes pour lesquels 


: l x pe ESIÒ 
Ax <i da, (By le FM pay WHS 


Leur nombre est 
l l 1 
= <A), 
cnr G) È 


La bande Av se décompose done pendant la durée 7° en AZ' = TA» compo- 
santes de Fourier indépendantes, c’est-a-dire en AZ’ fréquences. En rapprochant 


(4) AZ' 
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les deux résultats précédents (3) et (4), on trouve 


q y Sri A i 
EI EE cos 6 


Ou 
a 


degrés de liberté pour un pinceau polarisé linéairement et d’étendue 1. 
Un pinceau d’ondes à polarisation linéaire, d’étendue J qui possède exacte- 
ment un degré de liberté est defini par l’équation 
1:Ao:AQ-9? dv, 


ee 


Osi) == il g 


7) 


c'est un pinceau élémentaire au sens de von Laue. 


5. — Pouvoir séparateur harmonique. 


Pour qu’on puisse soumettre & une analyse harmonique deux fréquences 
simultanées v et »’, le temps nécessaire sera de l’ordre de grandeur de 1/(y — n°). 
Pour que les deux oscillations v et v’ puissent étre séparées pendant la durée 7, 
on doit done avoir T(y—v') = 1/y, y étant un nombre d’onde de l’ordre de 
grandeur de l’unité. Une bande Ay se décompose done par rapport ala durée: 
d’observation 7 (ou chemin optique 1 =cT) en 


(6) AL! = y-T-Ay =y~ Av, 


composantes élémentaires. Pour y =1, le nombre de composantes analy- 
sables (6) se confond avec le nombre de degrés de liberté du rayonnement. 
compris dans Ay. Ainsi, pendant 107? s,, 

DEZLZZZZIO; une bande de 10 MHz peut donc se 


Ci STA décomposer en 10-2-107 = 105 compo- 
Geri x i | santes individuelles. 
va pa ir Soient alors deux oscillateurs genre: 
D ssa dipòle D, et D,, distants de a. Pour 
i eds IE, qu’on puisse les séparer lorsqu’on les: 
ni ; si a Gi observe dans le plan image d’un cornet 
; a a a électromagnetique par exemple, il faut 
= que leur distance sur le plan de l’obser- 
6 vation soit au moins de l’ordre d’un 
LS LL «battement ». Les rayons issus de D, 


et D, qui se joignent en A doivent 
avoir une différence de chemin qui diffère au moins de Z de la. différence de 
chemin des rayons issus de D, et D, et qui se joignent en B. Or il résulte de 
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la figure que 
=—- Af = (5 AX ax bar), 


dans le cas où 7 est presque normal à a et b. La plus petite distance @ 
de deux points D,, D, qui puisse étre séparée pour une base b donnée, c'est 
à dire un AQ donné, est donc de l’ordre de 
r A 
b= h= = sno 
bb Ae 
De méme, la plus petite surface a? qui puisse apparaître comme étendue 
(et non pas ponctuelle), pour une surface de base b? donnée, c’est-à-dire 
pour un /19 donné sous lequel on voit b depuis a, sera de l’ordre 


y2 VE. 
2 = 2 == 
P= Ba (dgr 
ou, en introduisant l’angle solide AQ= (A6)2 sous lequel on voit b? à partir de a’, 
VE 
Ao = AQ 5 


Si Ao fait l’angle 0 avec le rayon, on doit écrire Ac:così au lieu de Ao. 
Un ensemble d’oscillateurs de surface Ao donnée se compose done de 


— 
1 
—_ 


AZ!" = (Ao cos 0)/(42/42) == AQ Ao così, 


domaines élémentaires optiquement séparables les uns des autres. Or, d’après 
(3), c'est précisément le nombre de degrés de liberté que le pinceau d’ondes 
monochromatiques issu de Ao posséde dans langle solide AQ. On voit ainsi 
apparaitre la relation intime entre le pouvoir de séparation optique ou harmo- 
nique et le nombre de degrés de liberté d’un pinceau. Si on intercepte sur un 
écran un pinceau AQ issu d’un trou diffringent Ao, le nombre de taches de 
diffraction claires qu'on verra sera de l’ordre de AZ". On a ainsi une représen- 
tation concréte pour le nombre de degrés de liberté d’un pinceau monochro- 
matique. 


TI. — Entropie et cohérence. 


6. — La largeur des raies spectrales considérée comme critère de cohérence. 


Considérons un rayonnement issu d’une source, et composé d’ondes sinu- 
soidales de longueur d’ondes 4 et de fréquence v = c/A et supposons qu’apres 
chaque k-iéme oscillation il se produise un changement de phase irrégulier. On 
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n’obtiendra de franges d’interférence dues à la superposition de deux ondes 
issues de la source a deux instants différents #, et #, que si ces deux instants 
t, et t, different de moins de 7 = k/y, c’est-à-dire si les deux ondes présentent 
une différence de chemin inférieure à 1 = k-4. La quantité k-2 a recu le nom 
de longueur de cohérence, k/v est la durée de cohérence de la source, c’est-à-dire 
des ondes issues de la source. 

On peut montrer que la largeur de raie AA ou Ay est donnée par la formule 


Ad 
o 


DARAI 


= oan ? 


Vo Vo È 


qu’on obtient en soumettant à l’analyse de Fourier un ensemble de k oscillations 
non perturbées ». Le train d’onde est donné alors par l’amplitude 


oc k , 
A(t) = A, exp |2zingt] pour t< i 
= 0 
k 
A(t) — 0 pour t= Ct > a 
2Vo 2% 
soit 
+ o 
A(t) = [ aexp [2aivi] dy , 
d’ ou 
1 k(Vo — 
a = pin ee 
TV V) Vo 


Le maximum principal est situé au point v =», avec l’amplitude k?/r%, 
le minimum le plus voisin étant (Vv —»v) =/k, d’ou 
| AA Ae) 
Ay 


Vo | Vo 


[ym—»| 1 


7. — Entropie et température du rayonnement. 


On sait qu’on peut attribuer au rayonnement noir contenu dans une cavité 
vide (de volume V), limitée par des cavités réfléchissantes, une densité de 
rayonnement spécifique w 


Energie totale 
u = Si ere - fuma, 
0 


où u(y) est une fonction de la température du rayonnement. Si on fait varier, 
au cours d’un processus quasi-statique en équilibre avec le corps noir, l’énergie U 
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du rayonnement, et par suite sa température 7, en plus du volume V, l’accrois- 
sement d’entropie sera 


dU + pdV 


Quei = T , 


et on pourra décomposer l’entropie convenablement définie en une densité 
d’entropie s = S/V: 


Na e | s(v) dv. 


Si manteinant le rayonnement considéré n’est pas « noir », mais possède 
une distribution spectrale différente u(r), il est dénué de sens de parler de tem- 
pérature de rayonnement. Néanmoins on peut attribuer aussi dans ce cas, 
mais de manière purement formelle, au rayonnement dans V, comme a tout 
système physique se trouvant dans un certain état, une certaine entropie S = s V. 
Comme les diverses composantes sont susceptibles d’exister indépendamment 
les unes des autres dans le volume V, on peut écrire 


S=Vs=V fs) dy. 
0 
Pour l’état d’équilibre, il faudra postuler 
os = 0 (6U == 0, OV = 0) 
pour toutes les variations de la distributions d’énergie spectrale u(v) possibles, 


pour U et V constants. On aura ainsi 


(ce) 


0= 6s = o(v | soa) = Vf osta» = n Sol du dy 
0 0 0 


du 
0 


Or cette égalité ne peut avoir lieu pour un du quelconque, avec la condition 
supplémentaire 0 = òU = V Î du(v) dy, que lorsque 
ò 
ds(v) 


(8 ~~ — constant pur tous les ». 
(8) du) I v 


Il en résulte, pour V= const., et U variable, 


20 - Supplemento al Nuovo Cimento. 
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Comme on a d’autre part pour le rayonnement noir, à volume constant, 
6S =6U/T, on a finalement 


ds(u(v), r) 1 


dun = T' 


pour la fonction entropie s(v) du rayonnement noir. 

Supposons maintenant connue l’entropie spécifique s(v) comme fonction de: 
u(v) et v pour le rayonnement noir. On peut alors conserver la méme fonction 
s(u(y),v), comme définition de l’entropie spécifique pour une distribution de 
rayonnement quelconque non stationnaire et définir la température 7(v) de la 
composante v dans cet état de rayonnement par la méme équation 


1 __ 0s(ulr), ») 
T(u(v), v) Dur) 


Pour un rayonnement non noir, chaque fréquence v dans le volume V 
possède une température différente. Le rayonnement noir, pour lequel on a la 
relation (8), se distingue de toutes les distributions spectrales d’énergie par le 
fait que pour lui toutes les fréquences v ont la méme température. 

La température 7(v) d’une fréquence v qui participe avec la densité de 
rayonnement u(v) au rayonnement non noir est done défini comme la tempé- 
rature d’un corps noir qui se trouve en équilibre avec u(y). Tout comme a la 
densité de rayonnement, on peut aussi attribuer è un pinceau d’ondes (dQ, 
do, dy, l, v) une certaine entropie. L’entropie totale S sera la somme des con- 
tributions des divers pinceaux composants. Chose importante & remarquer: 
Ventropie totale d’un système n’est égale & la somme d’entropie de ses parties 
(composantes) que si ces parties sont indépendantes les unes des autres en ce 
sens que chaque « état » d’une partie est compatible avec chaque «état » d’une 
autre partie. L’additivité de l’entropie est alors assurée pour la composition 
du rayonnement total a partir des contributions des diverses bandes de fré- 
quences en vertu de 


Sv = rfsmar, 


0 


puisque l’énergie et la température de chaque bande sont indépendantes de 
l’énergie et de la température de toute autre bande. Si, au contraire, l’énergie: 
concentrée dans un pinceau d’ondes délié 


l-dQ-do- vr: dy cos 0 
e? vi 


correspond à la superposition de deux (ou de plusieurs) pinceaux de phases. 
et d’amplitudes convenables, les deux pinceaux composants ne sont plus indé- 
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pendants l’un de l’autre. Le second pinceau doit en effet posséder alors une 
phase et une amplitude bien définies pour obtenir un pinceau total donné 
par superposition lorsque la phase et l’amplitude du premier pinceau sont 
données. On arrive de la sorte au théorème de von Laue: Le théorème d’addition 
de l’entropie n’est pas valable pour des pinceaux d’ondes cohérentes. 


8. — Thermodynamique de la diffraction. 


Encore un dernier mot sur la thermodynamique de la diffraction. On peut 
se demander si la diffraction subie par des pinceaux d’ondes hertziennes est 
un phénomène réversible, c’est-à-dire si elle a lieu avec ou sans augmen- 
tation de l’entropie: von LAUE pose par définition qu’un phénomène de 
diffraction est réversible lorsqu’on peut obtenir son résultat aussi par des 
processus de Voptique géométrique (réflexions et réfractions réversibles). Con- 
sidérons d’abord, un réseau de diffraction è traits dans le vide, régulier et 
infiniment étendu, de constante a (intervalle entre traits) sur lequel on fait 
tomber un pinceau d’ondes monochromatiques d’angle solide dQ. Si %,. Bo, Yo 
sont le cosinus directeurs d’un rayon appartenant au pinceau incident linéaire, 
a, 6, y les cosinus directeurs d’un rayon diffracté, on a la relation classique 


x = % + pala (p =entier (ordre de diffraction)) 


B= fo - 


On a done pour tout pinceau diffracté 


(9) 


da dB = da, df, . 


Or, en posant cos 0 = y, cos 0) = yo, on a dQ cos 0 = dQ, cos A . 
L’expression 


dQ eos 6 do 


(10) T 


se conserve donc, si do est la surface du réseau éclairé sous l’inclinaison 0 dans 
Vangle solide dQ 
dogi— dogs Avy 


Cette expression (10) qui figure déjà dans l’équation (7) comme le 
nombre dZ” des degrés de liberté du pinceau monochromatique reste, en vertu 
de la loi de Descartes, constante au cours de tous les phénomènes d’optique 
géométrique que le pinceau peut subir au cours de son évolution. Des pinceaux 
cohérents qui ont la méme expression dZ”, peuvent donc étre engendrés par 
les procédés de l’optique géométrique a partir d’un seul pinceau et se super- 
poser pour restituer le pinceau primitif. Or, lors de la diffraction par réseau, 
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il se produit une série de pinceaux cohérents issus de la méme surface do, qui 
ont en commun la méme grandeur dQ-cos 0; il en suit que le résultat de la 
diffraction par réseau pourrait s’obtenir par la voie de l’optique géométrique 
et pourrait étre rendu réversible de la méme fagon: la réversibilité de la dif- 
fraction est ainsi établie. 

Bien entendu, tous ces raisonnements soulèvent certaines objections. En 
effet, les formules des réseaux sont déduites de la théorie de la diffraction de 
KIRCHHOFF qui n’est valable que tant que les distances mises en jeu sont grandes 
par rapport à la longueur d’onde. Mais von LAUE a toutefois réussi à lever ces ob- 
jections par une analyse serrée des phénomènes, en particulier dans le cas des 
réseaux d’étendue finie où il se produit effectivement un écart par rapport 
aux lois de l’optique géométrique, et de ce chef, une augmentation de l’entropie 
produite par la diffraction. Il est parvenu au théorème important que voici: 
pour ce qui est de l’augmentation de l’entropie, la diffraction produite par 
un réseau de dimension finie est thermodynamiquement équivalente a la dif- 
fraction produite par une ouverture ayant la forme et la grandeur de la surface 
du réseau. 

Or ce dernier phénomène obéit d’autant mieux aux lois de optique géomé- 
trique que l’ouverture est plus grande. En augmentant done la surface du 
réseau on peut rendre l’accroissement d’entropie aussi petit qu’on veut et 
rendre par la-méme la diffraction sur le réseau aussi réversible qu’on veut. 
Remarquons enfin que la diffraction est encore irréversible lorsqu’elle se produit 
non pas sur des structures de réseau régulières, mais sur des particules nom- 
breuses distribuées au hasard, d’une maniére correspondant au désordre complet 
de ce phénomène. Les phénomènes de ce genre sont liés à un accroissement 
notable de l’entropie. 


INTERVENTI E DISCUSSIONI 


— P. AIGRAIN: 

Le fait que le nombre de sources indépendantes dans un volume fini est fini po urrait 
fair penser qu'il est impossible de construire des antennes superdirectives du type 
discuté ailleurs par le Dr. ToraLDO (1). Mais il faut remarquer que le theorème cité 
par le Dr. KAHAN fixe le nombre total d’antennes dans le volume, mais non leur distri- 
bution: toutes les antennes peuvent étre localisées dans un très petit volume. Dans 
le cas de l’antenne superdirectrice beaucoup d’antennes élémentaires sont localisées 
dans une faible partie d’un volume infini: l’espace libre. Leur nombre n’est done pas 
limité a la valeur classique (espacement de l’ordre de 4/4). 


(*) Voir, dans ce fascicule, pag. 426. 
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La polarimétrie dans le domaine des ondes hertziennes. 


A. KASTLER 


Ecole Normale Supérieure, Laboratoire de Physique - Paris 


(Mémorie présenté par P. FLEURY) 


1. — Introduction et études anciennes. 


Lorsqu’on fait de la polarimétrie en optique, il faut, 4 còté des émetteurs 
et des récepteurs de lumiére, disposer d’appareils spéciaux pour transformer 
la lumière naturelle en lumiére polarisée et pour analyser l’état de polarisation 
de la lumiére. Dans le domaine hertzien, les émetteurs et les récepteurs d’ondes 
ont des propriétés directives et jouent eux-mémes le role de polariseur et 
analyseur. 

Dans son travail fondamental sur les faisceaux radioélectriques en 1888, 
HERTZ (1) avait déjà mis en évidence les propriétés polarisantes de son émetteur 
et de son récepteur. Il avait montré également qu’une grille de fils métalliques 
paralléles absorbe la composante du champ électrique de Vonde parallèle 
aux fils et qu’elle est transparente pour la composante normale. Il avait com- 
paré l’action dune telle grille a celle dun cristal biréfringent dichroique 
comme la tourmaline. 

Après HERTZ divers physiciens se sont ingéniés & développer les expériences 
établissant l’analogie entre les ondes hertziennes et les ondes lumineuses et 
à reproduire en particulier avec des ondes électromagnétiques des expériences 
variées de polarisat‘on. Le livre de A. RIGHI: L’Ottica delle Oscillazioni Elet- 
triche, paru en 1897, donne une vue d’ensemble des premières tentatives dans 
cette direction. RicHI a mis en évidence la polarisation par réflexion et par 
réfraction. Il a montré que la réflexion totale permet d’obtenir une vibration 
elliptique et il a construit un parallélépipède de Fresnel en paraffine pour obtenir 
une vibration circulaire. Lui-méme et Mack (2) ont mis en évidence la biré-. 


(1) H. Herrz: Ann. der Phys. u. Chem., 36, 769 (1889). 
(2) A. RIGHI: Mem. della R. Acc. di Bologna, serie V, t. IV, p. 487 (1894); K. MACK:. 
Ann. der Phys. u. Chemie, 54, 342 (1895). 
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fringence du bois, tandis que GARBASSO, LEBEDEW et BOSE (*) ont étudié les 
propriétés biréfringentes des cristaux. En réduisant les dimensions des émet- 
teurs et récepteurs, LEBEDEW a réussi & atteindre une longueur d’onde de 6 mm 
seulement et à construire dans des monocristaux de soufre des prismes de Nicol. 
GARBASSO a réalisé avec des lames de clivage de gypse des lames demi-onde 
et quart d’onde. Ces études ont été développées par RIGHI (voir son livre, 
chapitre VII). Enfin Bose a trouvé la propriété de polarisation rotatoire (4) 
en travaillant sur des cristaux de quartz traversés par l’onde dans la direction 
de l’axe optique. Plus tard LINDMAN (5) étudie, dans une série d’expériences, 
la polarisation rotatoire produite par des modéles macroscopiques asymé- 
‘ triques (boules métalliques assemblées asymétriquement et hélices métalliques), 
et récemment SERVANT et LOUDETTE (5) ont repris et précisé des expériences 
sur des spires d’hélice métalliques. 


2. — Biréfringences naturelles et artificielles. 


Cependant les tentatives de premiére heure n’ont pas eu de suite et la 
polarimétrie hertzienne, c’est 4 dire l’étude de la modification de l’état de 
polarisation d’une onde hertzienne par la matière è structure interne aniso- 
trope, et le développement des techniques polarimétriques ne sont encore 
qu’a leurs débuts. La génération d’ondes courtes entretenues, et la technique 
des guides d’ondes sont à la base de ce développement. Comme dans le cas 
optique, la polarimétrie hertzienne a pour objet l’étude des anisotropies 
naturelles de la matière (biréfringences et polarisations rotatoires naturelles) 
et celle des anisotropies provoquées par des contraintes extérieures anisotropes 
ou par des champs extérieurs, de nature électrique ou magnétique. A la 
connaissance de l’auteur les anisotropies naturelles ont été peu étudiées 
jusqu’a présent. L’étude de l’anisotropie hertzienne des cristaux exige, en effet, 
l’emploi de monocristaux d’assez grosse taille, et la difficulté d’obtention 
de ces cristaux explique le peu de recherches faites dans ce domaine jusqu’à 
ce jour. Mais il n’est pas douteux que l’examen de la déformation des ondes 


(3) A. Garpasso: Atti della R. ‘Acc. di Torino, 30, 19 Maggio 1895; P. LEBE- 
DEW: Wied. Ann. der Phys. u. Chemie, 55, 1 (1895); J. C. Bose: Naturw. Rundschau, 
(1896) p. 191. 

(4) J. C. Bose: Proc. Roy. Soc., 63, 146 (1898); A. GarBasso: Nuovo Cimento, 4, 
176 (1902).. 

(5) K. F. LINDMAN: Ann. der Phys., 33, 621 (1920); 69, 270 (1922); 74, 541 (1924); 
77, 337 (1925). 

:. (8) R. SERVANT et P. LouDETTE: Compt. Rend. Ac. Sci., 231, 1055 et 1465 (1950); 
232, 46 et 233, 1593 (1951). 
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hertziennes par des substances isolantes a structure fibreuse ou & microcri- 
staux orientés (bois, roches etc.) peut devenir une méthode d’analyse intéressante 
de ces substances. 

Dans le domaine des anisotropies artificielles, les études ne sont également 
qu’a leur début. La biréfringence hertzienne des substance étirées, comprimées, 
laminées (caoutchouc, matières plastiques, cellulose) mériterait un examen, 


3. — La biréfringence électrique et magnétique. 


L’étude de la biréfringence électrique des gaz a été préconisée (7). Les molé- 
cules homopolaires dépourvues de moment électrique ne possédent pas, nor- 
malement, de bandes d’absorption dans Vultra-hertzien. Mais de telles bandes, 
liées aux mouvements de rotation des molécules, peuvent apparaitre si on 
soumet des molécules, dont la polarisabilité électrique est anisotrope, à un 
champ électrique constant. A ces bandes d’absorption est lié un dichroisme 
électrique et un effet Kerr. Aucune recherche expérimentale n’a encore été 
faite, A ma connaissance, dans cette voie. Nous ne possédons pas non plus, 
à Vheure actuelle, de données expérimentales sur la biréfringence magnétique (A 
Un effet de cette sorte est théoriquement prévu pour des ions paramagnétiques 
au voisinage de leurs fréquences de résonance magnétique (5). Ces fréquences, 
pour des champs magnétiques de 1000 a 10000 gauss, sont du domaine des 
ondes centimétriques. 


4. — La polarisation rotatoire magnétique. 


Le seul effet qui a fait jusqu’a présent l’objet de plusieurs recherches 
expérimentales dans le domaine des ondes hertziennes est l’effet Faraday ou 
la polarisation rotatoire magnétique. 


a) Ionosphère et plasma électronique. — Ce phénomène s’est d’abord mani- 
festé dans l’action de l’ionosphère terrestre sur la propagation des ondes élec- 
tromagnétiques (°). 

L’ionosphère est un milieu gazeux contenant des électrons libres (plasma) 
soumis au champ magnétique terrestre. Un tel milieu possède la propriété de 


(7) L. A. Woopwarp: Nature, 165, 198 (1950); A. KASTLER: Compt. Rend. Ac. 
Sci., 230, 1596 (1950); Nature, 166, 113 (1950). 

(*) Sauf en ce qui concerne l’ionosphère dont il sera question plus loin. 

(8) A. KastLer: Compt. Rend. Ac. Sci., 231, 1462 (1950). 

(9) E. V. APPLETON: Nature, 128, 1037 (1931). 
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polarisation rotatoire magnétique pour des ondes se propageant dans la di- 
rection du champ, la propriété de biréfringence magnétique pour des ondes 
se propageant normalement au champ. Dans le cas général ou la direction de 
propagation fait avec le champ un angle quelconque, l’onde est dédoublée 
en deux composantes élliptiques inégalement réfractées et inégalement ab- 
sorbées par le milieu. La théorie de ces effects et leur analyse dans l’ionosphère 
sont aujourd’hui classiques (1°). 
Au laboratoire, effet Faraday d’un plasma soumis & un champ magné- 
tique a été mis en évidence par KECK (1) en 1932 avec des ondes courtes 
amorties. L’étude de ce phénomène a été reprise récemment par GOLDSTEIN, 
LAMPERT et HENEY ( 12) qui ont montré que l’effet s’exalte énormément lorsque 
la fréquence de l’onde hertzienne est voisine de la fréquence gyromagnétique 
(% = (e/20m)H ) des électrons, Ils ont étudié le plasma électronique, produit 
par une décharge dans un gaz inerte, à l’intérieur d’un guide d’onde cylindrique 
soumis à un champ magnétique axial. Les fréquences utilisées variaient entre 
4600 et 5500 MHz. Pour cette dernière fréquence, le champ critique 
de résonance gyromagnétique est de l’ordre de 1900 gauss. Des rotations de 
l’ordre de 90° ont été mesurées et des absorptions presque complètes de l’une 
des composantes circulaires de l’onde ont été constatées. Mentionnons, dans 
cette connexion, qu’un plasma électronique, soumis à un champ magnétique H 
doit émettre des ondes électromagnétiques de fréquence gyromagnétique, 
polarisées circulairement. Cette émission a été mise en évidence par LAFFINEUR. 
et PECKER (!*), et ce mécanisme joue un role dans certaines émissions solaires 
radioélectriques caractérisées par leurs polarisations circulaires (14). 


b) Polarisation rotatoire paramagnétique. — Le phénomène de polarisation 
rotatoire magnétique se produit également dans des substances paramagné- 
tiques et ferromagnétiques soumises, dans un guide d’onde, à un champ magné- 
tique longitudinal. La rotation paramagnétique a été mise en évidence par 
WILSON et Hutt (15) en 1948 sur le sulfate et le chlorure de manganése hydratés 
pour une longueur d’onde de 3 cm dans un guide d’onde excité sur le mode 
TE,;, avec des champs magnétiques de 400 à 1350 gauss. Les rotations ob- 
servées ne dépassaient pas 1° d’angle. KASTLER (1*) a montré que cet effet 


Voir p. ex., S. K. Mirra: The upper Atmosphere (Calcutta, 1947), chapitre 6. 
P. KECK: Ann. der Phys., 15, 903 (1932). 


10) 

) 

) L. GoLpstEIN, M. Lampert et J. HENEY: Phys. Rev., 82, 956 (1951). 
) M. 

) 


( 
(11 
(È 
( LAFFINEUR et C. PECKER: Compt. Rend. Ac. Sci., 231, 1446 (1950). 
( J. F. DENISSE: Ann. d’ Astrophys., 10, 1 (1947) (travail théorique avec réfé- 
rences indiquant les études expérimentales). 

(15) M..C. Wilson et G. F. HuLL jr.: Phys. Rev., 74, 711 (1948); R. G. BARNES 
et G. F. Hutt jr.: Phys. Rev., 82, 341 (1951). 

(1°) A. KASTLER: Compt. Rend. Ac. Sci., 228, 1640 (1949). 
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doit présenter une résonance, avec l’allure d’une courbe de dispersion anor- 
male, lorsque la relation entre la fréquence de l’onde et le champ correspond 
à la fréquence critique de résonance paramagnétique: », = g(e/4am)H, g étant. 
le facteur de Landé. 

Cet effet de résonance a été mis en évidence sur 9400 MHz dans une 
cavité résonante en mode TE,, avec du sulfate de manganese par RYTER et 
EXTERMANN (17). Ces auteurs ont également observé le dichroisme circulaire: 
lié & la résonance paramagnétique. Le méme effet a été étudié également sur 
3000 MHz dans un guide d’onde circulaire excité en mode H,, (!8), mais méme 
au voisinage de la résonance les rotations restent très faibles. Toutes les sub- 
stances paramagnétiques (radicaux libres, gaz NO et O.) doivent présenter 
une polarisation rotatoire magnétique liée a leur résonance magnétique (1°) 
mais l’étude expérimentale de ces effets peu intenses n’a pas encore été faite. 
Comme l’a remarqué F. BLOCH (2°), il existe une connexion étroite entre l’effet. 
Faraday et le phénomène d’induction magnétique électronique ou nucléaire. 
Il convient de noter que les procédés de détection de l’induction nucléaire 
seraient adaptés à l’étude de l’effet gyromagnétique des ions dans un plasma, 
les fréquences de résonance étant dans les deux cas du méme ordre de grandeur. 
On pourrait ainsi, avec le méme appareil et dans un méme champ, comparer 
les fréquences des deux phénomenes. 


c) Polarisation rotatoire ferromagnétique. — Dans des substances ferroma- 
gnétiques suffisamment minces ou suffisamment isolantes pour étre pénétrables. 
aux ondes électromagnétiques une rotation importante du plan de polarisation 
est liée A l’aimantation ferromagnétique. 

Dans le domaine optique cet effet & été étudié par Cav et par KONIG (21). 
Les rotations spécifiques mesurées dans des lames minces de fer sont consi- 
dérables. Dans le domaine hertzien cet effet a pu étre étudié sur des substances 
ferromagnétiques peu conductrices. Dans le cas des ferrites étudiées par ROBERTS. 
et par Hocan (?°), dans des guides d’ondes, sur 3 cm et 10 cm de longueur 
donde, des rotations de plusieurs dizaines de degrés ont été obtenues. Cet: 
effet Faraday est étroitement lié a la résonance ferromagnétique, comme l’a. 


(1?) CH. RytTpr et R. EXTERMANN: Physica, 17, 440 (1951). Voir aussi: A. Goz- 
ZINI, Nuovo Cimento, 8, 928 (1951). 

(18) J. SourIr-GuICHERD et M. LAMBINET: Compt. Rend. Ac. Sci., 231, 1460 (1950). 

(9) Pour la résonance magnétique des gaz O, et NO voir: R. Bertncer et J. G. 
CASTLE jr.: Phys. Rev., 75, 1963 (1949); 78, 581 (1950); A. F. Henry et H. MARGENAU =: 
Phys. Rev., 78, 587 (1950); 80, 396 (1950). 

(20) F. Brocu: Phys. Rev., 70, 460 (1946). 

(21) M. Cau: Ann. de Phys., 11, 354 (1929); H. Konia: Optik, 3, 101 (1948). 

(22) F. F. RoBERTS: Journ. de Phys., 12, 303 (1951); G. L. Hogan: Bell System 
Techn. Journ., 31, 1, (1952). 
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montré POLDER (2). La théorie de l’effet Faraday ferromagnétique a été déve- 
loppée par HOGAN (22) pour le cas d’ondes planes indefinies, elle a été adaptée 
par Sunt et WALKER (#4) aux ondes dans un guide d’onde. Bien que cet effet 
soit lié a la résonance ferromagnétique, les rotations restent considérables en 
dehors de la zone de résonance, et les pertes sont alors faibles. Dans ces con- 
ditions l’angle de rotation dépend peu de la fréquence, et lorsque la substance 
est aimantée a Saturation il dépend aussi peu du champ magnétique appliqué. 
Au voisinage de la résonance ferromagnétique les pertes par absorption devien- 
nent importantes et donnent lieu à l’effet Cotton ou dichroisme circulaire: 
l’onde polarisée rectilignement se transforme en onde polarisée elliptiquement. 
La polarisation devient circulaire lorsque la composante circulaire affectée par 
la résonance est entiérement absorbée. L’effet Faraday ferromagnétique aura, 
pour la technique méme des ondes hertziennes, des applications importantes 
dont une des plus curieuses est la «valve électromagnétique » ou «gyrateur » 
(voir l’article de HoGAN (?)), dispositif qui transmet l’énergie électromagné- 
tique dans un sens et qui ne la transmet pas en sens opposé (?5). 


d) Effet Faraday des électrons de conduction. — Enfin les électrons libres 
dans les conducteurs soumis à un champ magnétique, doivent, comme les 
électrons d’un plasma, donner lieu a un effet Faraday, mais un tel effet ne pourra 
étre étudié que sur des couches métalliques très minces ou sur des semi-con- 
ducteurs pénétrables aux ondes. La théorie de cet effet (*) fournit des pré- 
visions numériques encourageantes pour tenter une vérification expérimentale, 
surtout dans le cas des semi-conducteurs. Cet effet Faraday des électrons & 
l’intérieur des conducteurs est lié étroitement à l’effet Hall. Les deux effets 
sont caractérisés par la méme asymétrie, celle du gyrateur (27). 


5. — Conclusions. 


Nous avons voulu montrer, dans ce bref apergu, que la polarimétrie hertzienne 
n’est qu’à ses débuts, mais que les perspectives d’avenir sont vastes. Nous 
voudrions attirer l’attention des specialistes des ondes courtes sur ces techniques 
qui ne tarderont pas à devenir fécondes pour l’exploration des propriétés de 
la matière et pour la technique méme des microondes. 


(2°) D. PoLDER: Phil Mag., 40, 99 (1949). 

(24) H. Sunt et L. R. WALKER: Phys. Rev., 86, 122 (1952). 

(25) L’utilisation de l’effet Faraday pour la réalisation d’une « valve optique » avait 
été préconiséé par Lord RAyLEIGH . (Scientific. Papers, IT, p. 360 et IV, p. 555). 

(25) A. Surpurs: communication verbale. Voir aussi E. R. WICHER: Journ. Applied 
Physics, 22, 1327 (1951). 

(2°) E. M. MeMitrLan: Journ. Acoust. Soc. Am., 19, 922 (1947); H. B. G. CASIMIR: 
Supplemento al Nuovo Cimento, 6, 227 (1949). 
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INTERVENTI E DISCUSSIONI 


— > WG ANE 


What is the difference between the rotation of the plane of polarization observed 
in certain kinds of crystals (Cotton-Mouton effect) and the Faraday rotation? 


— G. ToRALDO DI FRANCIA: 


The rotation is always in one sense (say clock-wise) relative to the direction of 
propagation for the rotations observed in crystals, while for the Faraday effect the 
rotation is always in the same absolute sense irrespective of the direction of pro- 
pagation. 


== Wh, 1s. “Neves 


In other words the Faraday effect violates the principle of reciprocity. 


[See also the conference of Mr. Matvano, pag. 340. (V.dR.)] 
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Applications de la géométrie différentielle 
à l’optique des microondes (*). 


K. S. Kunz (**) 


Schlumberger Well Surveying Corporation - Ridgefield, Connecticut. 


(Mémoire éerit et présenté par F. J. ZUCKER) 


Nous allons commencer par une simple image, en guise d’introduction. 
Admettons que nous ayons un disque diélectrique dont l’indice de réfractior 


© 


Fig. 1. 


varie en fonction du rayon seulement (fig. 1a). 
Le chemin optique différentiel dé sur ce disque 
est donné par l’expression 


dé? = n(r) dl? = w@)idr? = r*d03]. 


Le principe de Fermat nous donne alors: 
l’équation du chemin optique entier: 


Imaginons maintenant que l’indice de ré- 
fraction est réduit a l’unité en tous les points, 
mais que l’on essaye, en méme temps, de con- 


server la longueur du chemin optique inchangée. Afin d’atteindre ce résul- 


x 


tat, il sera nécessaire de gonfler la surtace de fagon à ce que la nouvelle di- 
stance physique compense partout l’ancien indice de réfraction (fig. 10). Si 


nous avions la possibilité d’obliger un rayon a se propager le long de cette 
surface, alors son chemin optique suivrait une géodésique de la surface dont 


(*) Work performed under contract with the Air Force Cambridge Research Center, 


Massachusets. 


(**) Formerly at the Case Institute of Technology, Cleveland, Ohio. 
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l’expression différentielle dl. est donnée (fig. 2) par 
af? — dl ds? —- 07 d0?. 


Les deux systémes que nous venons d’examiner seraient alors équivalents. 

Il arrive qu’il est aisé d’assujetir l’énergie 
électromagnétique à la surface: nous prenons 
deux plaques courbées parallèles disposées de 
facon que leur surface médiane soit pré- 
-cisément la surface gonflée. Si, dans ces 
conditions, nous introduisons de l’énergie 
électromagnétique entre les deux plaques — 
sous la forme d’ondes planes TEM —, et sì 
nous permettons à ces ondes de se propager 
libremeut, alors elles se propageront suivant 
les géodésiques (fig. 3). Le principe varia- | 
tionnel qui détermine la géodésique s’écrit È LE 
Fig. 2. 


s fag 0 far =o. 


C’est un cas spécial du principe de Fermat dans le sens que l’indice de réfraction 
est égal & un, mais c’est aussi une généralisation dans le sens que dl, est pris 
sur une surface courbée. Cette expression restera valable pour la propagation 
des microondes tant que la courbure 
Surface conductrice_ des plaques sera petite par rapport a 

- la longueur d’onde. 

Le premier & employer cette idée 
d’une facon pratique fut Iams de la 
RCA. Il a construit un «abat-jour » 
sur leque] la source électromagnétique 
se déplacait sur la circonférence su- 
périeure, alors que le faisceau émer- 
geait par une ouverture convenable 
découpée dans la surface conique. 
Depuis ce temps-là, un certain nombre 
‘de chercheurs ont fait progresser l’art a petits pas (1). On essaya de calcu- 
ler un système optique «parfait » dont le but était de balayer — par le fai- 
sceau — des angles très grands. Du point de vue géométrique, cela demande 
que deux conditions soient remplies. 


/ surface mathématigue_moyenne 
Fig. 3. 

E: Champ électrique; H: Champ ma- 

gnétique; %: Direction de propagation. 


(1) S. B. Myers: Radiation Laboratory Report 646, M.I.T. (1944). 
(2) S. B. Myers: Journ. Appl. Phys., 18, 221 (1947). 
(3) R. F. RineHarT: Journ. Appl. Phys., 19, 860 (1948). 
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La première est que toutes les géodésiques passant par un point de la cir- 
conférence-source doivent rencontrer l’ouverture linéaire sous un angle déter- 
miné: cette condition est nécessaire pour qu’un angle d’émergence déterminé 
du faisceav corresponde & chaque point de la circonférence-source. 

La deuxième condition est que toutes les géodésiques normales à la circon- 
férence-source doivent passer par un point fixe de la pupille, et — d’une fagon 
générale — par le centre de cette dernière. Ceci est souhaitable afin de con- 
server des caractéristiques du rayonnement adéquates: l’intensité maximum 
émergeant normalement de la source primaire passera, alors, toujours par le 

ceutre de la pupille, quelle que soit la direction d’émergence. 
Ce problème est intéressant, en soi, mais — malheureusement — il 2 été 
démontré d’abord par MyERs, et ensuite, d’une manière plus générale, par 
RINEHART, qu’il n’y a pas de solution, tout au moins en ce qui concerne les 
surfaces de révolution avec une ouverture linéaire. Ceci est regrettable, et l’on 
est obligé de devenir moins exigeant quant aux conditions. Il faut faire des 
concessions, en effet, dont nous allons un peu plus tard décrire la plus simple. 

C'est à ce stade-là que — il y a deux ans — le professeur Kunz (attaché 
à cette époque comme professeur au Case Institute of' Technology à Cleveland, 
Ohio) commenga à travailler ace probleme. Il le fit sous un contrat avec 1’ Air 
Force Cambridge Research Center. Tous les résultats que nous allons main- 
tenant décrire sont les siens. 


1) Nous allons examiner, en premier lieu, le probleme général consistant 
a trouver la surface géodésique dans le cas où le disque plan est donné. 

La fig. 3 nous a montré une onde TEM entre deux plaques paralléles. Les 
ondes sont émises par un cornet, ou bien par un dipòle, ou pai quelqu’autre 
alimentation. L’espace entre les plaques est rempli d’un diélectrique arbi- 
traire symmétrique radialement. Le chemin optique différentiel est donné par 
l’expression 

dé? = n*(s) dl? = n(s)[ds? + 0? d6?]. 


Nous avons alors le principe de Fermat en toute généralité, 


of ae = ò [ nis) al, a, 


Etant donné que cette maniére de procéder nous permet de disposer 
non seulement de la courbure de la surface moyenne mais aussi de la 
variation de l’indice de réfraction, il n’est guère surprenant que nous recon. 
trions l’existence non pas d’une seule surface géodésique équivalente au 
disque diélectrique plat, mais de toute une famille de telles surfaces. L’un des 
membres de cette famille est toujours une paire de plaques planes remplie 
de ce diélectrique d indice variable qui nous est donné pour commencer. 
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Avec certaines restrictions, un autre membre de cette famille est constitué par 
une paire de plaques courbées de telle manière qu’il soit possible d’employer 
un indice de réfraction constant partout : autrement dit, les plaques sont remplies 
d’air, ou d’une autre matière ayant une constante diélectrique invariable. 
Pour ce type de guide, les rayons sont des géodésiques de la surface moyenne. 

Ce type possède un intérét pratique extrémement grand, car il est fort 
difficile de réaliser — en pratique — une constante diélectrique variable è 
large bande, presque aussi impossible qu’en optique proprement dite. L’emploi 
du mode TE — une possibilité qui a été utilisée par Jones en Angleterre — 
rend le dispositif sensible aux variations de fréquence. Nous voulons done 
chercher sous quelles conditions un disque diélectrique plan aura un analogue 
géodésique rempli d’air. 

Notre problème est le suivant: on nous donne n(r), est nous devons trouver 
s(0) (fig. 2). Les métriques équivalentes sont 
données par nos expressions 


Ae dae = pales ee nrc CED 
et 
dé° = n°(r) Ar? + n°(r)r® d0°. 
Leur équivalence implique que as 
(a) ds = n(r) dr erat 


n 
n(r) = ft oe 


(0) o=mr)r (= f(r). 


Le résultat final, l’équation de construction, est 


done une expression donnant s comme une 
fonction implicite de 0: 
(c) s =| nr) r)dr = g(r) = glf*( 
Fig. 4. 


Les deux équatious (a) et (6) donnent lieu a n(r) = consi 
une interprétation importante: Prenons deux 
points correspondants, (s, 0) sur la surface 
moyenne de révolution, et (r, 0) sur le disque 
diélectrique plat. L’équation (a) exprime alors 
le fait que la distance optique de P & l’axe est égale & la distance optique de 
P' è Vaxe. L’équation (0) exprime — lorsque les deux còtés sont multipliés. 
par 2% — que les circonférences optiques passant par les deux points sont 
égales. Ces interprétations nous aident dans la représentation visuelle des. 
limites inhérentes è la construction d’analogues géodésiques remplis d’air. 
Nous allons examiner (fig. 4) quelques éléments de la surface de révolution, 
et nous allons les comparer aux zones du disque diélectrique dont ils consti- 
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tuent les transformés. Si n(r) est constant, l’élément annulaire se transforme en 
lui méme. Si n(r) décroit comme 1/r, l’élément équivalent est un cylindre, parce 
que la circonférence optique doit rester coustante. Si n(r) décroit comme 1/7?, 
l’élément équivalent est encore dans le plan mais la circonférence intérieure 
correspond à la circonférence extérieure de la zone diélectrique, et vice versa. 
Nous commengons à voir, maintenant, que la condition des circonférences 
optiques égales nous pose des limites pour le degré de variation de l’indice 
de réfraction diélectrique que nous voulons représenter: celui-ci ne peut pas 
‘croître avec la distance radiale à partir du centre, il ne peut pas — non plus — 
décroitre plus vite que 1/r?. Dans le cas où l’une ou l’autre de ces limites est 
dépassée, nous ne pouvons pas trouver un analogue géodésique rempli d’air. 
Ceci, bien entendu, exclut aussi toute discontinuité soudaine. 

Sur la figure suivante (fig. 5), nous voyons l’illustration d’un disque en 
diélectrique variable et de son analogue géodésique en forme de bouton, com- 
posé des éléments annulaires de la fig. 4. 


n=const 


' 
; 
ZIA Yy G) 
n=const/r ao Sa 
n= const/p? = 4 | 
CDILIA 


> n=const/r LLZ amo 


n=f(r) 


Fig. 5. — Surfaces équivalentes. 


Prenons un exemple, maintenant. Nous allcns choisir pour notre plaque 
didélectrique la lentille de Luneberg qui possède la propriété que les rayons 
provenant d’un point source sur sa circonférence sont émis en forme d’un fai- 
sceau de rayons paralléles. Nous avons maintenant la possibilité de construire 
une famille de guides è plaques parallèles équivalentes. L’indice de réfraction 
primitif est donné par V2 —r? (fig. 6). Nous en déduisons que cette fa- 
mille comprend un membre rempli d’air, purement géodésique, étant donné 
que l’indice de réfraction ne décroît pas plus rapidement que ne lui permettent 
les restrictions. Il est possible de faire l’objection qu’une discontinuité existe 
le long du bord du disque diélectrique. Si l’on vérifie la formule, toutefois, 
pour la valeur de n, il est clair qu’il se trouve vraiment que n est égal a 1 
lorsque 7 = 1, ce qui est fort commode, parce que n(r) reste alors continu méme 
à travers la limite air-diélectrique. Si nous employons, maintenant, notre équa- 
tion de construction (c), nous obtenons l’analogue rempli d’air (fig. 7). L’équa- 
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tion de cette surface & été dérivée, pour la première fois, par le professeur 
RINEHART (*), également du Case Institute. Il est utile de remarquer que la 


Surface de 
Rinehart -Luneberg IA Hemisphere 


1 1E 2 F 
Fig. 6. Fig. 7. 
Variation de l’index de refraction pour s= CD = (0 + aresin g)/2. 
la lentille de Luneberg de rayon 1. AB=0 = arcsing. 


surface se termine par une pente verticale. Ce fait est assez ennuyeux, car, 
dans les applications pratiques, nous voudrions voir le faisceau émerger hori- 
zontalement. Dans quelques in- 
stants, nous allons mentionner quel- 
ques mesures pouvant remédier à 
cette situation. 

La fig. 8 donne quelques géodé- 
siques typiques de la surface de 
Luneberg. Enfin, (fig. 9), nous vo- 
yons une image d’un moule en 
platre de Paris dont la surtace est 
recouverte d’une couche électroly- 
tique. Seulement la surface infé- 
rieure est représentée, la surface 
supérieure s’applique directement 
au-dessus. Le long du bord, vous Fig. 8. 
pouvez apercevoir une petite incur- 
vation toroidale: ceci constitue l’une-des méthodes de transformation de la 
direction verticale du faisceau en une direction horizontale. Il est bien entendu 
que cette manière de procéder abîme légèrement la surface géodésique, mais il 
est possible d’améliorer cet effet par une construction soignée. Un autre moyen 
consisterait è ajouter une sorte de jupe conique, agissant comme uu miroir 
pour changer la direction du faisceau. 

La charactéristique du rayonnement est assez satisfaisante (fig. 10). A 3 cen- 
timètres, l’ouverture du faisceau est de l’ordre de 3°, et le premier lobe latéral 
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(ve) 
to 
*] 


est à 22 db. Ce système géodésique est & bande très large, bien entendu, et il 
est limité, du còté des faibles fréquences, par le fait que la courbure n’est 
plus petite par rapport è la longueur d’onde. 

Ainsi que nous avons eu l’occasion de le dire, le professeur Kunz a déduit 
des formules donnant toute une famille de structures de plaques parallèles 


Fig. 9. 


équivalentes. Ce sont les cas où les plaques courbées sont remplies d’un dié- 
lectrique à indice variable. Ainsi, nous pouvons nous demander, par exemple, 
quel est l’indice de réfraction qui fera agir une simple surface cylindrique (r = 1) 
comme une lentille de Luneberg. La réponse est que la distribution néces- 
salire est donnée par l’expression 


n(s) = exp [— s] V2 exp [— 26] ; 


ou s est mesuré vers le bas a partir du bord supérieur. Une propriété intéres- 
sante de cette famille est que n(1) à la limite air diélectrique est égal a L 
pour tous ses membres. Aussi, n’/(1) est égal ou inférieur è 1 pour tous les 
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membres dont la surface ne posséde pas une pente verticale à r = 1. Enfin, 
n"(1) = —2 pour tous les membres dont la surface est horizontale a r= 1. 
Ainsi que nous venons de le voir, cette pente verticale indésirable le long du 
bord de la surface géodésique remplie d’air ne fait pas partie, nécessairement, 
de tous les membres de la famille: quelques unes se terminent méme hori- 
zontalement. 

Vous demandez, peut-étre: Pourquoi la surface de Rinehart-Luneberg 
n’est-elle pas une solution du système optique parfait que nous avions ca- 
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racterisé au commencement? C’est parce que nous avions fait une concession 
importante: ouverture linéaire est virtwelle au lieu d’étre réelle, c’est un cercle 
dont la phase et l’amplitude sont distribuées de fagon que le faisceau qui 
émerge semble provenir du diamétre. Ceci a des désavantages dans les appli- 
cations pratiques, car il n’est plus possible de trouver une ligne focale pour 
collimer le faisceau dans le plan vertical. 


2) Nous posons maintenant la question inverse: étant donné une struc- 
ture è plaques paralléles courbées, quel est son équivalent en disque plat 
dans l’optique ordinaire? Comme précédemment, les équations de transfor- 
mation ont été déduites de l’égalité entre les métriques optiques. Si nous de- 
mandons, par exemple, quel est l’équivalent optique d’une coquille sphérique 
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remplie d’air (r = 1), constituant — naturellement — la surface de révolution 
la plus simple en trois dimeusions, nous sommes amenés, par ces formules, a 
l’équation donnant Vindice de réfraction 


que vous reconnaîtrez comme étant l’équation de l’eil de poisson de Maxwell. 
Il est inutile de préciser que la transformation inverse à partir d’une surface 
géodésique & une lentille ne possède qu’un équivalent unique, et non toute 


une famille d’équivalents. 


3) Outre ces surfaces de révolution simples, le Dr. KuNz è examiné une 
autre classe comprenant une discontinuité dans la pente de la courbe géné- 
ratrice. Examinons le type de surfaces de révolution que nous avons vu pré- 
cédemment, mais montées maintenant sur un còne (fig. 11). Il se trouve que 
cette manière de procéder nous permet de produire une séparation intéressante 
des faisceaux. Les rayons passant d’un còté de l’axe émergent de la pupille 
non pas dans la direction du diamétre à travers le point source, mais en faisant 
un angle avec ce diamétre. Les rayons passant de l’autre còté de l’axe émergent 
en faisant le méme angle, mais tourné dans le sens opposé. Ainsi, le faisceau 
a été séparé, et il est possible d’obtenir, en effet, n’importe quel angle désiré 
entre les faisceaux. Une des exceptions a cet effet de séparation des faisceaux 
se produit dans le cas où la surface supérieure appartient a une famille dont 
la surface de Rinehart-Luneberg est un cas special. Ici, les deux moitiés se réu- 

nissent et émergent du còté opposé du 
surface de revolution S point source. Adm2ttons maintenant 
de faire un pas de plus dans la 
spécialisation, en laissant la surface 
supérieure se réduire à un plan. Ceci 
nous donne un trone de còne — l’abat- 
jour de la RCA mentionné au début. La 
fig. 12 nous permet de voir. son mode 
de fonctionnement: nous y voyons la 
surface conique développée, et vous 
remarquerez, bien entendu, que les 
points N et @ sont effectivement identi- 
ques. Les triangles semblables nous permettent de construire facilement la 
surface d’onde des rayons 1 et 2. 


Fig. 11. 


4) Le Dr. Kunz a poursuivi la généralisation de la. théorie des surfaces 
géodésiques pour microondes dans deux directions supplémentaires: premie- 
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rement, il conserve la surface de révolution, mais permet à l’indice de réfraction 
de varier en fonction de 0. Il apparaît alors qu’il est plus commode de tra- 
vailler avec la courbure de Gauss des espaces optiques plutòt qu’avec les 
métriques. La courbure du disque dié- 
, . , È Ù 
léctrique est donnée par l’expression 
| 
| 
I 
! rayon 2 


K=—5Vinr, 


et, dans le cas d’une surface géodésique 
remplie d’air, par 


rayon 1 


K =— o'"/0. 


A partir de l’égalité des deux courbures 
optiques en chaque point, on déduit 
les équations de transformation entre 
les deux systemes. 

La deuxiéme des généralisations = — 
abandonne complétement les surfaces 
de révolution, et admet n’importe Fig. 12. - SN = RQ = 2 cose. 
quelle surface simple. Dans ce cas, il se ST = SN + QP = 2a. 
trouve qu’il est plus commode de tra- 
vailler avec des invariants différentiels, mais les expressions sont trop com- 
plexes pour pouvoir étre discutées ici. 


5) En conclusion, j’aimerais soulever encore deux points. Le premier 
se rapporte aux limites fondamentales inhérentes à tous les systémes optiques 
de révolution. Vous pourriez vous demander: Est-il possible de construire une 
surface telle que la circonférence-source puisse étre réduite è de très petites 
dimensions, sans étre obligé, pour cela, de réduire également les dimensions 
de la pupille? Ceci aurait de grands avantages dans les applications pratiques, 
car nous pourrions, dans ce cas, simplement tourner un cornet autour de 
lui-méme, au lieu d’étre obligé de le tourner autour d’une circonférence dont 
les dimensions sont identiques 4 celles de la pupille, comme cela se produit dans 
le cas de la lentille de Rinehart-Luneberg. La réponse est «non », il n’est pas 
possible de réduire la circonférence-source à de très petites dimensions, en fait, 
elle ne peut pas devenir plus petite que la circonférence de l’ouverture secon- 
daire. Ceci peut étre prouvé d’une fagon élégante en remarquant que le chemin 
d’un rayon optique sur la surface est identique & celui d’une particule méca- 
nique assujetie & la surface: les deux se déplacent suivant des géodésiques. 
Ceci entraîne l’obligation de conserver le moment angulaire, et un calcul élé- 
mentaire ncus prouve que cette condition implique que le diamétre du cercle- 
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source (qui feurnit le moment angulaire) ne peut pas devenir inférieur à la 

largeur du faisceau émergeant. Cette limitation n’est, toutefois, pas particuliére 

aux surfaces de révolution géodésiques, elle tient pour tous les systémes optiques, 

y compris le disque diélectrique pur. 

Le point suivant — qui est le dernier — se rapporte à une famille de 

courbes négligée jusqu’a présent. 

Examinons l’analogue géodésique 

de Rinehart-Luneberg, et prenons 

MUL 1 son image a travers un miroir 

® ® © plan (fig. 13a). Il est évident que 

Fig. 13. rien n’a changé du point de vue 

géodésique. De plus, nous avons 

la possibilité de répéter ces réflections autant de fois que cela nous piaît 

(fig. 135). Si nous considérons la limite absurde d’un nombre de réflections 

infini de notre analogue géodésique de Luneberg, nous tendons vers le résultat 

suivant: la surface se réduit, à ce moment-là, à une feuille plate. Mais sa mé- 

trique optique est non-isotrope: elle varie le long du diamètre, mais reste con- 

stante le long de 0. On peut réaliser cette condition de facon approximative 

avec un peigne annulaire (fig. 13c). Dans cet analogue final, nous trouvons 

done une correspondance bi-univoque entre une surface plane non-isotrope et 
la lentille diélectrique avec laquelle nous avons débuté. 


INTERVENTI E DISCUSSIONI 


— A. MARÉCHAL: 


Il y a lieu de remarquer que les chemins optiques fictifs voisins du chemin réel 
peuvent étre tantòt plus longs, tantòt plus courts que le chemin correspondant au 
rayon lumineux. Dans le cas où un instrument d’optique donne d'un point objet A 
une image astigmatique on peut trouver un maximum ou un minimum de chemin 
optique suivant la direction dans laquelle on déplace le chemin optique réel. 
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Formation des images dans le microscope. 


P. LACOMME 


Institut d'Optique - Paris 


Le probléme de la formation des images dans le microscope est très com- 
plexe et la nature des calculs è développer dépend de l’objet observé. Les 
grandes ouvertures angulaires obligent à tenir compte de la transversalité des 
vibrations lumineuses. Le présent essai concerne le cas d'un eran opaque 
percé d’un trou dont les dimensions sont petites de- 
vant la longueue d'onde. Il faut connaître le rayon- 
nement d’une petite ouverture percée dans un plan 
conducteur, ce que les radioélectriciens ont étudié 
depuis un certain temps. 

Abordant le problème à partir des équations de 
Maxwell, ils ont montré qu’A une distance suffisante 
Vouverture rayonne comme un dipdle magnétique. 
Supposons, pour fixer les idées, le champ H dirigé 
suivant axe Oz. Nous avons, pour un point WM quelconque, sur la surface 
d'onde dans l'espace objet, une amplitude vectorielle que Von peut écrire: 


Ros 


EB Of. 


si l'on ne se préoccupe pas de sa phase par rapport à la source. 
Supposons: 

1) Le grandissement de l’objectif suffisant pour que la surface d’onde 
dans l’espace image présente une courbure assez faible: les vibrations y seront 
considérées comme complauaires. 

2) L’instrument parfait: énergie se conserve quand on passe de l’espace 
objet è Vespace image, de méme que l’angle de la vibration résultante avec 
le plan méridien. En effet, les composantes méridienne et normale au plan 
méridien ne son pas affaiblies. 

En prenant pour unité la focale de Vobjectif, 1, x et g étant les coor- 
données polaires de A, on trouve alors pour composantes £" dans Vespace 
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image 
I 
15, == (0). 
1 \lf? x x 
E! = cos? — + cos 2 sin? — 
ui COS x 2 si Dea: 
al 1/2 
ig — sin 2g sin? = 
È COS x 2 


Pour avoir Vimage, il faut intégrer 
I E'(x, p) exp [iw cos (yp—p)] sin « d(sin x) dg. 


Soit sing, Vouverture maximum; en développant les lignes trigonomé- 
triques en sin x, et en posant sin «/sin % = u, on est ramené & des intégrales 


x 


de fonctions de Bessel i ut+1J,(u) da, | wrty.(u) du, calcul un peu long, mais 
sans difficultés particuliéres. 
Pour avoir l’intensité, on éleve au carré les résultats de l’intégration de 
E' ed E' et Von additionne. En se limitant aux termes en sin? «, on ob- 
z 


tient finalement: 


si 4 sini 
Tr) — e J, (w)Ta(ew) + 7 I, (20)I (10) + 


Li 


sin? % 
16 


— 


wt’ Î 
47? sini co 


sin! xo + sins « sins a 
= ° J2(w) ° Js(w)T 4(w) — 


can 
sin? % 


)A.t0)Ist) riot = 


SEEN 


di 


[sint af, sint a 
ld "16 
Sin® x sin® % 


ENTI as 
16 J,(w) J 5(w) 3 


Ji) | COs 2p, 
soit 
J = f(w) — 2g(w) une 29 , 
formule qui donne l’intensité dans le phénomène de diffraction en fonction 


de la variable habituelle w et de l’azimut g du point considéré, ceci en lumière 
polarisée. 


FORMATION DES IMAGES DANS LE MICROSCOPE 335 


Pour un objectiv a sec, ayant une ouverture 0,95, on obtient les résultats 
numériques suivants: 


Ordre a a Tache d Airy Een | Lumière polarisée 
diffraction naturelle | 
0 1,000 1,000 | 1,000 | 1,000 
1 0,775 0,648 | 0,674 | 0,622 | 
2 0,333 0,323 | 0,371 0,275 
3 0,051 0,048 | 0,072 0,024 
| 4 0,001 0,002 0,005 0,000 
5 0,017 | 0,014 | 0,018 0,910 
| | 


En lumière naturelle le phenomène de diffraction est un peu plus fin que 
la tache d’Airy parcequ’ou a supposé l’instrument parfait; avec un instrument 
non traité, présentant des pertes par réflexion sur les surfaces, le résultat serait 
inverse, il y aurait apodisation au lieu d’antiapodisation. Les minima ne sont 
plus nuls. 

En lumière polarisée rectiligne, la tache est elliptique, le rapport des demi-axes 
de l’ellipse étant sensiblement 1 + 0,17 sin? %. 

Si les dépolarisations introduites par les surfaces sont peu importantes, 
cette ellipticité est sensible aux très grandes ouvertures. 


INTERVENTI E DISCUSSIONI 


— A. MARÉCHAL: 

On peut espérer vérifier expérimentalement les résultats de ce calcul a condition 
de pouvoir construire un système optique parfait de très grande ouverture et de trans- 
parence constante. Des microscopistes américains ont d’ailleurs remarqué que le pouvoir 
séparateur en lumière polarisée dépend de la direction de la vibration. Des calculs 
effectués par H. H. HoPKINS (1) concernent le cas inverse où la grande ouverture 
numérique est située dans l’espace image de Vinstrument. Pour traiter le probléme 
du microscope, où la grande ouverture numérique est située dans espace objet, il faut 
connaître la répartition de l’energie sur la sphère d’onde dans l’espace objet. 


(1) H. H. HoPKINS, Proc. Phy. Soe., 55, 116 (1943). 
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Filter Action of Parallel Wire Grids. 


E. A. Lewis and J. P. Casey 


Air Force Cambridge Research Center - Cambridge, Massachusetts 


(Paper given by F. J. ZUCKER) 


A plane wave of unit amplitude incident upon a thin plane surface with 
free space on either side, gives rise to a reflected wave of amplitude 9 exp [i] 
and a transmitted wave, texp [i]. If the surface is a continuous one, the 
boundary condition on the tangential component of the electric vector re- 
quires that 


(1) l+ oexp [iR] = texp [iT]. 


This relation also holds if the reflecting surface is a grating of fine wires pa- 
rallel to the E vector, because the two (*) induced waves leaving the grating 
originate from the same (induced) wire currents. Defining the fractional in- 
tensity loss 7 by the conservation of energy equation: 


(2) Oat ie 
it follows that 
l 
(3) cos R =—(c sel 
l 
(4) cos (C —R) = 


2oV1— 1° 

A pair of surfaces separated by a distance s will behave essentially as a 
Fabry-Perot interferometer. The expression for the transmitted wave, e.g., 
may be derived by summing up all the various partial transmitted waves 
emerging from the second surface as a result of multiple reflections between 
the surfaces. The intensity of the transmitted wave is 
(1 — 9? 1)? 


9 
(1 — 9%)? + 40? sin? Di a R) 


(5) DZ 


b) 


(*) The possibility of additional waves is eliminated by making the restriction 
that the wave length of the radiation shall exceed twice the wire spacing. 
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where 4 is the free space wavelength of the radiation. Maximum transmission 
occurs whenever sin ((2778/Z) + R) = 0, i.e., when 


(6) 2asjA = Na — R (N= See): 
The peak value of the transmission is 


I 2 
(7) Tmax = È — ila 


The transmission is down to half value when s is such that 


(8) —— = —R + aresin e) : 


If 7 is the variable, this equation will be approximately true if o and ® do 
not change too much over the pass band. Denoting the difference in wave- 
length between half-power points by AA, 


(9) Ad ~ g are sin (7°) 3 
78 


To obtain a narrow band pass, it is necessary to have s large, or o —1. The 
former alternative is equivalent to operating at a high order of interference, 
in which case it will be difficult to separate the desired transmission peak 
from neighbouring ones when the interferometer is to be used as a filter. 

A sufficiently thin film of highly conducting material is partially transparent, 
and it may be shown by an elementary application of the laws of Ohm, Ampere 
and Faraday, together with equation (2) that 


(10) 1=20(1—0). 
By equation (7), 

1 — o\? 
(1) Zines = (gee 


It will be noted that Tmax —0 as o > 1. 
With gratings, on the other hand, / is not uniquely determined by the 
value of o, and in the limit for perfectly conducting wires, 


(12) Tmax =1. 


From the theories of WESSEL (1), HONERJAGER (?) and MACFARLANE (*) 


W 
R 


. v. WESSEL: Hochfrequenatechnik, 54, 62 (1939). 
G. 


Vv 
Honersacer: Ann. der Phys., (Folge 6), 4, 23 (1948). 
G 


(*) 
(?) 
(8) . MAcFaRLANE: Journ. Inst. Elect. Engrs., Part III A, 93, 1523 (1948). 
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the modulus of the amplitude reflection coefficient for normal incidence and 
lossless wires is 


(13) o=(1 +e), 
where 

2d d d 
(14) v= hoe. +2(5)|. 


and F is a function available in graphical form (*). In this formula, d is the 
center-to-center spacing of the wires and « is their radius. 

The theory has been extended to include wire losses (4). When the skin 
depth 6 (= V Alruoce) is much less than the wire radius, the reflection coeffi- 
cient is related to the lossless value by the relation: 


(15) 05 0-00 +V1—08)/2, 

and 
202d | /& 

(16) Tris | aa (MKS units) . 
TAO! My 


Numerical Example: 


Take 

A = 500 micron = 5-10-! m, 

CA 0 2 eh 

(IMAA 

o = 6,17-10’ mho/m (SILVER) . 
Then 

00= 0,9816, 

6 = 8,29-10-8 m, 

le 318-10, 

or 0,980, 

. —3|2 
Tax © | a = 0,84. 


A continuous thin conducting film having the same value of o would give 


0,02 


2 
Tmax = (ra) —— Alc 
’ 


(4) E. A. Lewis and J. P. Casey: Electromagnetic Reflection and Transmission by 
Gratings of Resistive Wires, AFCRC Report No. E5085, April 1952. To appear in 
Journal of Applied Physics. 
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The transmission peak, with the double gratings, should therefore be some 
8000 times larger than with the conducting films. 

In the derivation of equation (5), the assumption was made that the waves 
originating from the induced currents were plane waves. In the case of a 
grating there was some doubt whether this assumption was justified, especially 
at points near the grating surface. 

Accordingly, the double-grating case was set up and solved as a boundary 
value problem (5). This result is of course considerably more complicated, 
but it has been shown numerically that at least for some ranges of the para- 
meters the plane wave approximation is very good. 

A rather crude experimental test was made at A =1,25 cm using coarse 
(d — 3,4 mm) window screening as reflecting surfaces. (This material had 
cross wires). One screen by itself when placed between the transmitter and 
receiver caused the receiver output to drop to a low value, about 94 percent 
of the incident intensity being reflected. A second screen placed parallel to 
the first at the proper distance caused the output to rise to about 60 percent 
of the original value. The measured band width was in reasonable agreement 
with equation (9). A pair of wire gratings has been constructed, but tests 
with this more refined equipment remain to be carried out. 


(5) J. P. Casey and E. A. Lewis: Monochromator Action of a Pair of Parallel Wire 
Gratings, AFCRC Report E5086, April 1952. To appear in Journ. Opt. Soc. Am.. 
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The Zeeman and other Magnetooptical Effects 
in the Microwave Region. 


R. MALVANO 


Istituto di Fisica del Politecnico - Torino 


The great development of the technique of microwaves (frequency from 
about 108 to 10! Hz), achieved, in the past ten years, has allowed to use 
extensively that technique for purposes of basic researches; among them the 
study of the magnetooptical effects has a considerable importance. 

Here, giving a brief account of the work done in various countries we 
emphasize from one side the strict correspondence among magnetooptical phe- 
nomena in the m.w. and in the optical region, and from the other side the 
peculiar differences between the two groups of phenomena. 


1. — Zeeman effect. 


Most of the experimental work in this field is concerned with the Zeeman 
effect: taking advantage, in fact, of this effect it is easy to get direct information 
about positions and properties of atomic and molecular energy levels. 

In this frequency region there is a very small probability of spontaneus 
transitions; on the contrary the probability of induced transitions is relatively 
high, due to the great density of electromagnetic energy easely obtained: so 
the question arises only with absorption spectra (+). 

The experimental set-up generally used is sketched in fig. 1. The m.w. 
energy, of wave lengh /, supplied by a conventional klystron oscillator, is intro- 
duced, by means of a rectangular wave guide, inside a cavity resonator, placed 
between the poles of an electromagnet for the production of the magnetic 
field H. Here the electromagnetic wave keeps its own polarization but suffers a 
great number of reflections on the walls, and going to and fro transfers a certain 
amount of its energy to the solid, liquid or gas contained in the cavity. 


(1) A. KastLER: Physica, 17, 191 (1951): see in particular p. 197. 
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The energy absorption, which depends both bon 4 and H, is detected measur- 
ing small variations of the loaded @ of the cavity (*) 
Firstly we must distinguish between: 
a) Zeeman effect of rotation and inversion molecular spectra (*). 
b) Zeeman effect in paramagnetic and ferromagnetic substances (otherwise 
called «paramagnetic and ferromagnetic resonance absorption »). 


1. — Zeeman effect of rotation 
and inversion molecular spectra oy 
Tf a molecule has a non va- LES Zi 
nishing magnetic moment in its \ 
rotation (or inversion) ground Sa TO 
(or excited) states, the electric Pisi: 
dipole transitions which can be 


; a 1 - Power supply 6 - Cavit 
induced by m.w. are affected by - Klystron generator 7- E omagnet 
a magnetic field H in the same 3. Attenuator 8 - D.C. Bridge amplifier 
way as the optical spectra. 4- Wave meter 9 - Meter 
Each level splits in its va- 5 - Specimen 10 - Crystal receiver 


rious magnetie sublevels of ma- 
gnetic quantum number M, and arranged at a distance AE from the umper- 
turbed level Z,, according to the well known relationschip 


(1) AB = gn HM, 


where g, is the molecular Landé splitting factor, and fy is the Bohr nuclear 
magneton. The contribution to the molecular magnetic moment originates 
either from the motion of the charges or from the intrinsic nuclear moments (*). 


TABLE I. 
Nuclide Nuclear spin I dy | Reference | 
| | | 
| 338 | 3/2 0,63 + 0,02 (4) | 
129] | 7/2 2,72 | (5) | 


In some cases we can separate the two different contributions with a suitable 
calculation, or making new measurements on molecules of the same chemical 
constitution but built up with even-even isotopes (without magnetic nuclear 


(2) E. E. ScanEIDER and T. 8. ENGLAND: Physica, 17, 220 (1951); R. MALVANO e 
M. Panerrr: Alta Frequenza, 19, 231 (1950). 

@) C. K. Jen: Physica, 17, 378 (1951). 

(*) We do not consider paramagnetie molecules. 

4) J. R. EsHBAcH and ©. K. JEN: unpublished data. 

5) W. Gorpy, R. GiLLiam and R. Livineston: Phys. Rev., 76, 443 (1949). 
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moment), or finally operating with high magnetic field in order to work 
in the Back-Goudsmit region: in this way we can measure nuclear gyroma- 
gnetic ratios. 

In Table I we give some experimental results. 


2. — Paramagnetic and ferromagnetic resonance absorption. 


1. — It we put a paramagnetic or ferromagnetic substance in the way 
of a m.w. radiation, of frequency 7, po- 
larized normally to a constant magnetic 
field H (fig. 2), we get an energy 
absorption with a maximum for a 
certain value 


(2) H* = b/g 
TA of H. (*) (h,g,B are respectively: 
bri Planck’s constant, Landé’s splitting 
ZH factor, Bohr’s magneton). 
Fig. 2. What is observed is actually an 


electronic Zeeman effect, perfectly 
analogous to the optical one: however, being the Larmor frequency 


(3) v, = eH /4a me = 1,4-106H 


for a magnetic field of a few thousand oersted in the m.w. range, the spectral 
lines under observation are direct transitions between two magnetic sublevels 
(fig. 3) of the same total quantum number and the same total angular mo- 
mentum, but with magnetic quantum numbers M which differ generally by 
unity: these transition are forbidden for electric dipole but allowed for magnetic 
dipole (**). 


(*) C. J. GORTER (®) in 1936 had foressen this effect but did not succeed in its de- 
tection, which was after obtained in 1945 hy E. ZAvorsky (7); from then much work 
has been done specially in England and in the U.S. 

(°) C. J. GORTER: Exper., 4, 453 (1948) 

(7) E. ZavorsKy: Journ. Phys. USSR, 9, 211, 245, 299 (1945); 10, 170, 177 (1946); 
You can find a wide bibliography in A. KAsTLER: Compt. Rend., 231, 1462 (1950). 

(**) The absorption spectrum is obtained varying, instead of the frequency, the 
magnetic field: in fact a wide and continuous variation of the m.w. frequeney is almost 
impossible, while a corresponding variation of the magnetic field is relatively easy. 
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In the neighbourhood of the value H* the substance shows not only ab- 
sorption but also an anomalous di- 
spersion. From a macroscopic stand- E 
point the two phenomena can be PILE 
described introducing a magnetic 
complex permeability, 


M=1/2 


(4) e); 


where the two susceptibility com- 
ponents, responsible y' of the disper- 
sion, y" of the absorption (*), are 
both functions of H and ». 0 H° 

To describe, almost qualitatively, Fig. 3. 
these phenomena we can use a classical 
treatment (3), which considers the precession motion of elementary magnets 
due to the combined action of H and the radiation magnetic field H,, variable 
with frequency. In this way we deduce 


(5) 11) ea 
TERZI I IO IDE: (CIN Ye 
#2/9 ; 
H*®?/2a9T, 


Nha = Cr pee ed Te + HiT,/T 


T, and 7’, being two relaxation times which take into account spin-lattice and 
spin-spin interaction effects and are related to the breadth of the absorption 
lines; yy is the static susceptibility. 


3. — Electric crystalline field in paramagnetic crystals. 


The selection rule for the magnetic quantum number (AM = +1) is not 
strictly obeyed, because in many cases lines corresponding to a double variation 
of M have been found (°), what is easely explained taking into account the 
strong cristalline electric field which prevents the uniform Larmor precession. 

The influence of the internal electric field does not show itself only with 
forbidden transitions but also modifying more or less the allowed transitions. 


(*) The minimum detectable value of yx" is of about 10-7. See Ware (C3) 2 

(8) F. BLocH: Phys. Rev., 70, 426 (1946). See Appendix I. i 

(9) R. Marvano and M. PANETTI: Nuovo Cimento, 7, 28 (1959); J. UBBINK, J. A. 
Poutis and C. J. Gorter: Physica, 17, 213 (1951); A. F. Kip; C. F. Davis, L. JENNINGS, 
D. REINER and R. Matvano: Nuovo Cimento, 8, 683 (1951). 
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In fact the absorption spectrum is the more modified the greater the electro- 
static interaction on the electron responsible of the paramagnetism. Evidently 
the interaction is greater with ions of the iron group (Fe, Co, Ni, Cu,...) than 
with ions of the rare earth group (... Pr,. 
Nd,...), because it this case the parama- 
gnetic electron shell is shielded by other 
external electrons (*) (1°). Actually the pa- 
ramagnetic resonance absorption is not a 
pure Zeeman effect but a combination 
between Zeeman and Stark effect: the 
magnetic sublevels are no more equally 


o) spaced, and you may find a complicated 
spectrum with many absorption peaks. 

(see fig. 4). 
Fig. 4. The usefulness of these studies lays. 
Paramagnetic absorption for Am- justin the fact that we can deduce from 
monium Chrome Alum. the absorption spectrum, specially if we: 


work with single crystals, accurate in- 
formations about the symmetry of the crystalline electric field (1) and the 
fundamental spectroscopic state of the paramagnetic ion: these same infor- 
mations were obtained before, indirectly, by means of the data on magnetic 
susceptibilities, specific heats at various temperatures (12) and with X rays. 
measurements (**) (18). 


4. — Effect of the nuclear magnetic moment. 


The existence of a nuclear magnetic moment produces generally an hyperfine 
structure of the absorption spectrum, very similar to the one usually met in 
optical Zeeman patterns: the magnetic field is strong enough to break down 
the coupling between J and J and the components of the electronic and nuclear 


(*) The different behaviour of these two groups of elements is seen already in the 
different values of the gyromagnetic ratio, which depends in the first case almost entirely 
on the electronic spin, while in the second case there is also the contribution of the 
orbital motion. 

(19) J. H. VAN VLECK: Electric and magnetic susceptibilities (Oxford, 1932), p. 282. 

(11) H. Berne: Zeits. f. Phys., 60, 218 (1930); R. ScHLapP and W. G. PENNEY: 
Phys. Rev., 41, 194: 42, 666 (1932). 

(12) R. J. Benzie and A. H. Cooke: Proc. Phys. Soc., A 63, 201, 213, (1950). 

(**) We observe, incidentally, that the water molecules contained in the erystals, 
which contribute greatly to the electric crystalline fields, are not easely detected by 
means of X ray measurements. 

(13) H. Lipson: Proc. Roy. Soc., A 151, 347 (1935). 
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angular momenta are separately quantized. The situation is just the same as 
the one called the Back-Goudsmit 
region in optical spectra. The m.w. 
field induces electronic transitions 
but the orientation of the nucleus 
remains unaltered, due to the 
smallness of its gyromagnetic ra- 
tio. The change of orientation of 
the electronic moment causes a va- 
riation of the magnetic field of the 
electrons which acts on the nucleus 
and this is different for each of the : 
2T-+-1 different orientations of the Hi Pa 
nucleus and so the magnetic absor 
ption lines are split in 2/4- 1 equally 
spaced components (*). (See fig. 5). 


The above measurements supply pile dr SE ENI 


us with a method for the valuation 


m=1/2_ M=1/2 


m=-1/2 


of nuclear spins (perfectly analo- Fig. O, b. - Hyperfine Suracglio in parama- 
gous to the one suggested by Goud- gnetie absorption in Praseodimium Chloride. 
(I = 5/2) 


smit and used in optical spectra) 
and for the comparison of nuclear 
magnetic moments of differents isotopes and relative abundances. 


5. — Ferromagnetic resonance. 


If we study ferromagnetic substances we must take care of two points: 

1) Neglecting the exceptional case of the ferrites (14), usually ferroma- 
gnetie materials are good conductors. 

2) The internal field H,,, which acts on the spins, differs generally from 
the external field H: the demagnetisation factors are not negligible in this 
case and depend from the geometrical form of the sample used. 

From point 1), we deduce that the ferromagnetic resonance absorption 
concernes, because of the skin effect, only a thin surface layer of the sample. 


(*) We are not taking into account the residual coupling J-I and the eventually 
present electric quadrupole moment of the nucleus interacting with the crystalline 
electric field (5). In App. II we report a phenomenological method to evaluate the 
influence of the electric field and the nuclear moments. 

(4) L. B. BIrcKFoRD jr.: Phys. Rev., 78, 449 (1950). 

(5) B. BLeANEY: Physica, 17, 178 (1951); C. F. Davis, R. Matvano and A. F. 
Kip: Rend. Acc. Lincei. 8, 77 (1951). 
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Furthermore, in order not to modify too much the electromagnetic field inside 
the cavity, the ferromagnetic material forms a part of the internal surface 
of the cavity itself. i 

From point 2), we draw the conclusion that the external magnetic field 
H* which corresponds to maximum energy absorption, depends strongly from 
the demagnetization factors: assuming that the external field is strong enough 
to magnetize completely the material, i.e., the only thing that can happen is 
a change of direction of magnetization, a theory based on microscopical (1) 
or macroscopical (17) considerations, gives the following relationship: 


À ae in oom 
(7) ivigh = we) (1 PINNA = PIV — WIS, 4 Di 


analogous to the (2), which takes care of the demagnetization factors 
Nx,Ny, N., (H is along the 2 axis): 9, and g, are two internal magnetic fields 
which represent anisotropy effects. 

In Table II we give some experimental arrangements and the particular 


form of (7) in each case: 


TABLE II. 


VÀ 
I hv/gB = VH*B* [rac gee 
Z 


Ill hv/gB = H* | x 


2. — Magnetic effects of polarization and double refraction. 


The influence of a uniform magnetic field on the state of polarization 
of a m.w. radiation, which passes through a ponderable medium is the same 
as in the optical region: we have a rotation of the plane of polarization when 
the magnetic field is parallel to the direction of propagation (Faraday effect) 
and a double magnetic refraction when the field is normal. 

Untill now little work has been done in this topic: the theoretical treatments 


(6) J. H. vAN VLECK: Phys. Rev., 78, 266 (1950). 
(1?) C. KirtEL: Phys. Rev., 73, 155 (1948); 76, 743 (1949). 


THE ZEEMAN AND OTHER MAGNETOOPTICAL EFFECTS ETC. 347 


are due to A. KASTLER (18) and we may find experimental work in France, 
Switzerland and Italy (1°). 

These effects are caused by a certain anisotropy of the index of refraction 
introduced by the magnetic field: while in the optical case we find generally 
a diamagnetic contribution as well as a paramagnetic one, the former is absent in 
this case due to its smallness (*). 

Here only with paramagnetic mate- De 


6_8 
rials we can find measurable effects 4 ai = 
and their detectability is limited 7 iis 
near the resonance (H ~ H*). 8 

In fig. 6 the experimental set-up © 
is sketched. The m.w. travel, pola- Fig. 6. 
rized in the mode H,,, along acylin- 1- Power supply 6 - Specimen 
drical wave guide, which contains the 2 - Klystron oscillator 7 - Solenoid 
paramagnetic material. The magnetic 3-4- Atvonuaver Rrenualyeet 

5 - Wave meter 9- Matched loach 


field is produced by a solenoid win- 
ded around the wave guide (longi- 
tudinal magnetic field) or by the usual electromagnet with iron core in the 
case of transversal field. The receiver is made up with a piece of cylindrical 
wave guide turnable with respect to the first guide; it is fitted with two 
crystal receivers A and B, which feed in opposition a galvanometer. The 
setting of the polarimeter is reached when we read a minimum current through 
the galvanometer. The sensitivity of this instrument is of about 1’. As one 
can see, this m.w. polarimeter is very similar to the optical ones. But there 
is a fundamental difference. While in optics we can speak of free plane 
waves, here we have «guided » plane waves, which are related to the geome- 
trical form of the wave guide. For instance the usual mode of propagation 
along a rectangular wave guide is made up with a free plane wave which goes 
along the guide with a zig-zag path, reflecting itself on the lateral walls of the 
guide. We must take into account these facts in order to standardize the 
results to free plane wave propagation. 


1. — Faraday effect. 


A plane polarized wave may be thought as built by two opposite circularly 
polarized waves of the same amplitude and frequency. These components. 


(8) A. KasrLER: Compt. Rend., 228, 1640 (1949); 231, 1462 (1950). 

(19) J. SourIr and M. LAMBINET: Compt. Rend., 231, 1460 (1950); C. H. RyTER,. 
R. Lacrorx and R. ExTERMAN: Helv. Phys. Acta, 23, 539 (1950); A. GOZZINI: Nuovo» 
Cimento, 8, 928 (1951). i i 

(*) The magnitude of the diamagnetic part is proportional to the square of the 
frequency. 
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travel inside a paramagnetic material longitudinally magnetized with different 
velocity, and so going out of the material produce a plane polarized wave with 
a different plane of polarization. The different velocity, i.e. the different value 
of the index of refraction is immediately explained on the basis of a longitudinal 
Zeeman effect. One of the two circularly polarized components corresponds 
to absorption, while the other to emission: the former is greatly affected by 
the magnetic field: it presents a great absorption and an anomalous dispersion 
near H = H*, while the later goes through almost unaltered. Taking into 
account the (5) we can write for the index of refraction of the absorbed 
component 


eho? fee: 
(8) N/M =1 + 207% Ge SHS) Sate aki 


hence the paramagnetic rotation per unit wave length is 


(9) A NET, : _ A _#H") da 
CASES RAR i ni 


The sign of the rotation, positive when it agrees with the direction of the mag- 
netizing current, depends on which of the two components is affected by 


Fig. 7. Observed rotations plotted against magnetic field. a) Chromium potassium 

sulfat, A= 3,2, 1=14em; 6) Manganous sulfate, A= 3,2, l= 13,5 cm; e) Manganous 

carbonate, A= 3,2, 7=12 cm. The positive sense of the rotations and of the current 
that flows in the solenoid are coincident. 
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the magnetic field, i.e. whether the gyromagnetic ratio is positive or negative 
for H < H*; as one can see from (9) this sign changes passing through the 
resonance. See fig. 7 (*). 


3. — Double magnetic refraction. 


When the magnetic field is orthogonal to the direction of propagation, 
effects, caused by double magnetic refraction, do appear generally. 

However with the experimental arragement used to measure the magnetic 
resonance absorption (see section 1-2) we have avoided all troubles due to 
double refraction. In effect the polarization plane of the incident radiation 
contained the optical axis, that is orthogonal to the magnetic field. The inci- 
dent wave played the role of the extraordinary ray, which, travelling through 
the medium, is affected by absorption and anomalous dispersion. Turning 
the system of 90° we change the extraordinary ray with the ordinary one, which 
travels through the medium perfectly unaltered. 

Phenomena of double refraction appear when the magnetic field makes 
an angle «, different from 0 and 90°, with the polarization plane of the incident 
radiation. We have two components H; sin a, H, cos x which constitute the 
ordinary and the extraordinary components; the outgoing radiation is ellipti- 
cally polarized and the form of the ellipse changes varying the magnetic field. 


3. — Interaction between microwaves and optical radiations in magnetic field. 


1. — There are many experiments concerned with the study of excited 
states. The ones which we are interested in, have the following peculiar cha- 
racteristic. A variation of the average population of excited levels is obtained 
by means of m.w. induced transitions; whose number per unit time is maximum 
when the m.w. frequency has a definite value: the resonance condition is detected 
by optical means. A new way is therefore open to the study of excited states 
that allows a useful «collaboration » between optics and microwaves. 


2.— The influence of a magnetic field on the optical resonance radiation is 
well known since long time (2°). We know also the effect of a radiofrequency 
magnetic field from the experiments of FERMI and RASETTI (24): they could 
measure in this way the mean life of atomic excited states. 


(*) An effect of the same type could be obtained closing the wave guide with a 
ferromagnetic material: that would be the analogous of the Kerr effect. However, 
as one can see from Table II, case II, the external field would be very high because 
of the presence of the negative term 47M. 

(2°) See, for instance, A. C. MITCHEL and M. W. ZEMANSKY: Resonance Radiation 
and excited atoms (Cambridge, 1934). 

(2) E. Fermi and F. RASETTI: Zeits. f. Phys., 38, 246 (1925). 
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But experimental investigation on the combined influence of a magnetic 
field and a m.w. radiation on the optical resonance lines are only of the present 
time. The gist of the experiment is the following. We let mercury vapour 
be irradiated by a properly polarized light from a mercury lamp, and we observe 
with an uiîtraviolet polarimeter the resonance line 6°P, — 61S, (2537 A) in a 
direction perpendicular to the vibration plane: the observed radiation is 90% 
polarized. Placing now a strong magnetic field orthogonal both to the exciting 
and to the resonance light no appreciable change could be observed on the 
state of polarization: in fact the exciting light is only able to cause jumps to the 
magnetic sublevel (M= 0) of the excited triplet 6*P, and this situation is 
not altered by the magnetic field. However if we use a m.w. radiation 
to cause transitions inside the triplet from M= 0 to M= +1, the resonance 
light will be less polarized, and a minimum degree of polarization will be reached 
when the m.w. frequency will correspond to the energy distance between the 
magnetic sublevels. Being the breadth of the resonance curve (degree of pola- 
rization versus magnetic field) related to the mean life of the excited levels 

we can measure in this way that quantity 
Her Mas | ew Ro with great accuracy (*). 
7-10 ev 3. — Another experiment of the same 
x type is the measurement of the Lamb 
2"Sve shift in ionized Helium (25) 
ve According to Dirac’s theory the energy 
Fig. 8. levels of Hydrogenic atoms which be- 
long to the same principal quantum 
number n and with the same total angular momentum J should be dege- 
nerate: but actually this is not the case; for instance the two levels 28,2, 2Py/2 
of Hydrogen, Deuterium and ionized Helium (Het) have not the same energy, 
and the 28,). level is the highest (fig. 8). 

In order to measure the distance between these levels (the Lamb shift) 

which, in ionized Helium, is of the order of 14000 MHz, helium atoms are ionized 


(*) Actually this experiment was carried ont with 150 MHz waves (22), and not 
with m.w. However, in principle, this experiment could be conducted in the m.w. 
region, with some advantages, if the mean life of the excited states is not very long. 
Another experiment of the same kind, suggested by KASTLER (28) is the following. 
One studies the optical Faraday effect in a paramagnetie substances at low temperature: 
the paramagnetic rotation depends on the distribution of population among the low 
lying states. A m.w. radiation may operate jumps among these states, change the 
distribution and influence appreciably the Faraday effect. 

(22) J. BrosseL, P. SAGALYN and F. Birrer: Phys. Rev., 79, 226 (1950). 

(28) A. KASTLER: Compt. Rend., 232, 953 (1951). 

(24) W. E. LamB and M. SKINNER: Phys. Rev., 78, 539 (1950). 
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and excited by means of electronic collision partially to the instable 2P states 
partially to the metastable 2S state. The spectral line 2P,j,s >1$,; lies in 
the ultraviolet and its intensity depends on the number of atoms that happen to 
be in the excited state 2P,),.. Now, if, by microwaves, we induce transitions 
from the 28,). to the 2P,/. state we change the average population of this state, 
affecting the intensity of the ultraviolet line, detected by a photoelectric sy- 
stem: the resonance conditions are reached varying the distance between the 
two above levels with a magnetic field. 


APPENDIX I. 


The equations of Bloch in the limiting case of very slow passage through 
resonance are 


H* 
| M,H,— M,H, + nT Ma = 0, 
2nTyy 


2aT,y 


(1) Ma A + Mi; My = xl . 


MH, MH, * (M, — Mz) = 9. 


Putting now 


M, : 
| H,, = H, cos ot, H = y cos wt — x" sin wt, 

1 
I IE, = © (HA sin wt, Mu 

a oy gim@t " cos at 
cae Fp N SOR Oy 


we can satisfy the (1) when 7’, y" have the value (5), (6). 


APPENDIX II. 


The energy of an ion in an external magnetic field H can be written in the 
usual form 
gPHM , 


even if the electrons are not under the influence of a pure central force field. 
However g has no more the value 


1 US +1) + 88 +V— HE +1) 
ST ZIO +1) 
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For instance in the case of the elements of the iron group J has no meaning 
and the coupling S-L is completely destroyed. 

g, the spectroscopic splitting factor, has generally the character not of a 
scalar but of a tensor quantity, because it depends from the orientation of the 
crystal. 

For S>%%, the 28+ 1 levels are generally not completely degenerate even 
for zero magnetic field. 

When the g anysotropy has a rotation symmetry axis, following ABRAGAM 
and PRYCE (25) it is possible to give a quasi phenomenological theory of this 
Stark-Zeeman effect defining an effective spin S from the multiplicity of 
the levels. Introducing now a perturbing Hamiltonian which acts only on 
the spin functions 


H = 9 PHS, + 91 B(HeSe + H,S,) + D{S82—1/3 S(S + 1)} + 
at ASI, =f BS.L, ad B23) — ypyH-J , 


where g) and g; are the principal values of the tensor g, A and B two experi- 
mental constants which take into account the interaction between nucleus and 
electronie cloud, for the allowed transitions (M,.m) — (JZ—1, m) we have 


oe ye pel 3)( gî, K 
1 M 3— cos? §é —1|)+—™m, 
9B 9 | 2)\ gi 98 


where 
g° = gj, cos? 0 + gi sin’ 6 ; keg? = A?gî cos?) + Bg? sin’ 0, 


and 0 is the angle between the magnetic field H and the rotation axis of the 
g tensor. 


(25) A. ABRAGAM and M. H. L. Pryce: Proc. Roy. Socs, A 205, 135 (1951). 


INTERVENTI E DISCUSSIONI 


— P. AIGRAIN: 


It looks like the Bitter-Brossel-Kastler experiment might be hard to realise at 
microwave frequencies because of the high magnetic fields involved, and the high HF 
power necessary. 


— R. MALVANO: 


I think that the difficulty with high magnetic field can be solved from the technical 
stand-point. To what concerns the difficulty which could arise in high magnetic field 
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we can only say that Lame and SKINNER experiments have been actually carried on, 
and the only difference lies in the fact that instead of a variation of polarization they 
measured a variation of the intensity of an optical line. 


— F. BRUIN: 


When measuring ferromagnetic resonance of a ferrite sample in a cavity resonator, 
for very low magnetic field strength one notices a decrease of the absorption. Can this 
effect be explained completely by the theory? 


— R. MALVANO: 


I think that the question about low magnetic field and high magnetic field behaviours 
could be explained if we take care of the anysotropy terms gy, and 9, which are im- 
portant for low field. These effects were extensively studied by A. ArNoLD and A. 
F. Rie in M.I.T. Laboratory. 


SUPPLEMENTO AL VOLUME IX, SERIE IX DEL NUOVO CIMENTO N: 3, 1952 


Une méthode pour améliorer le pouvoir séparateur 
des instruments d’optique basée sur l’amplification de phase. 


A. MARECHAL et P. LACOMME 


Institut d’Optique — Paris 


Nous nous proposons de montrer qu’il est possible d’améliorer le pouvoir 
séparateur des instruments d’optique en utilisant un principe nouveau que 
nous pourrions appeler l’amplification de phase. 

A quelle conditions deux points objects sont-ils 
séparés par un instrument? 

Si nous prenons l’exemple de l’astronomie on 
peut dire que deux étoiles M et N seront séparées: 

— si leur distance angulaire est supérieure a 
la valeur classique 1,2-/2R (où Rest le rayon de 
Vobjectif) ; 

— ou encore si les surfaces d’onde incidentes 
sur la pupille P font entre elles ce méme angle 


minimum ; 

— ou encore si la différence des chemins opti- 
ques M, N, — M,N, (égale pratiquement à la somme des distances M,N, + M,N.) 
est de l’ordre de 1,2-4 pour une pupille circulaire, de 4 pour une pupille 
rectangulaire ; 

— ou encore enfin si les différences de phase entre les vibrations parvenant; 
de M et N aux bords A et B de l’ouverture (fig. 1) sont telles que: 


(Pau — Pam) = (Puy — Prey) == BH c 


Le principe de l’amplification de phase vise a amplifier les différences 
de phase jusqu’&a ce que l’on obtienne une quantité de l’ordre de 2z. 
Voyons maintenant par quel moyen on peut y parvenir. 

Considérons l’objectif LZ, de la lunette, l’image primaire de l’étoile obte- 
nue dans son plan focal F (représentée en amplitude sur la fig. 2), et V'i- 
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mage L, de Vobjectif L, dans le «verre de champ» L, placé dans le plan 
focal F. L’étude du contraste de phase nous a habitués a considérer 
que les vibrations parvenant dans le plan LI, sont dues aux interférences des 


Li 


Fig. 2. 


vibrations provenant des diverses fractions de la tache de diffraction placée 
en L,, en particulier de son maximum central et des anneaux. Considérons le cas 


deux étoiles symétriques par rapport à l’axe 
méme si leur distance angulaire est nette- 
ment inférieure au pouvoir séparateur. 

Le résultat obtenu par cet artifice peut = 


où Vétoile est située A une très faible distance angulaire de 
l’axe, la surface d’onde arrivant en L, est très légèrement 
inclinée et les vibrations traversant L, pourront étre repré- 
sentées par des vecteurs dont l’orientation tourne lente- 
ment en fonction de la position sur L (fig. 3). Supposons 
que nous absorbions maintenant une partie du maximum 
central de la tache L, en y placant un obstacle quelconque : 
pous aurons à retrancher des vibrations précédentes un vec- 
teur constant, ce qui aura pour effet de donner un vecteur 
résultant dont la phase varie rapidement en fonction de la 
position sur Ly. On aura ainsi réussi a incliner artificiellement 
la surface d’onde (en ayant 

cependant consenti une [déplacement image 
perte d’énergie) et l’on 
pourra arriver a séparer 


_-- déplacement ob jet 


encore étre exprimé de la facon suivante: 

on est parvenu à détruire la relation linéaire 5 

entre la position de image et celle de l’objet 

en produisant localement un mouvement plus rapide de l’image; la fig. 4 repré- 
sente en trait interrompu le déplacement de l’image en fonction de celui de 
Vobjet dans un système optique ordinaire, en trait plein la courbe du dépla- 
cement lorsqu’on utilise l’amplification de phase; on peut assimiler ceci à une 


distorsion très importante mais localisée a une petite surface autour de l’axe 


de J’instrument. 


356 A. MARECHAL et P. LACOMME 


Cet artifice entraine d’autre part une partie d’énergie d’autant plus grande 
que l’on se propose d’atteindre un gain plus élevé. Cette perte d’énergie parait 
néanmoins étre très admissible puisqu’elle est limitée a la région du champ 
dans laquelle on améliore le pouvoir séparateur et qu’elle est limitée dans cette 
zone à 5/6 environ. Dans le reste du champ le comportement de l’instrument 
n’est évidemment pas affecté. 

Les expériences ont porté 
successivement sur une pupille 
carrée puis sur une pupille 
circulaire. La fig. 5 représente 
quatre photographies de ta- 
ches de diffraction dans les 
cas suivants: dans la ligne su- 
périeure on a utilisé un instru- 
ment normal et photographié 
les images d’un point objet 
unique et de deux points 
objets environ à deux fois au 
dessous du pouvoir séparateur 
classique. Dans la ligne infé- 
rieure on a utilisé l’amplifica- 
tion de phase et obtenu la sé- 
paration des images des deux 

Fig. 5. points, alors que l’image du 

point unique n’est pas dédou- 

blée. Le gain dans cette expérience n’est que de 2 mais on a pu visuel- 

lement obtenir un gain de 3, aussi bien en pupille circulaire qu’en pupille 
rectangulaire. 

Il est a noter qu’il est indispensable de diaphragmer la lentille LZ, avec 
une ouverture exactement conjuguée de la pupille d’entrée située sur L,, ce 


ui nécessite un réglage minutieux. 
> È. 


INTERVENTI E DISCUSSIONI 


— G. ToRALDO DI FRANCIA: 

Comme M. MARECHAL aremarqué, son expérience, ainsi que celle de FRANGON (1) sont 
en accord avec les considérations sur le pouvoir séparateur, que j’avais exposées ii y 
a une année à Paris, pendant le Colloque sur le contraste de phase. La limitation, que 


(*) Voir la communication à pag, 283 de ce fascicule. 
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l’optique ondulatoire peut poser à un instrument d’optique, concerne seulement le 
nombre maximum d’informations que l’instrument peut transmettre a la fois. Si nous 
partageons ce nombre uniformement dans un demi-espace, nous obtenons la limite 
classique du pouvoir séparateur. Mais si nous nous contentons d’un champ plus petit, 
nous pouvons attendre un pouvoir séparateur plus grand. C’est ce qu’a fait M. Ma- 
RECHAL, en augmentant le pouvoir séparateur d’un petit champ, aux dépens du reste 
du champ. Quant à M. FRANGON, il a illustré le cas où nous ne prétendons pas d’avoir 
toutes les informations A la fois, mais les distribuons dans le temps. Dans ce cas aussi 
il n’y a aucune raison théorique qui nous empéche de dépasser la limite classique. 


— J. C. Simon: 


L’augmentation du pouvoir séparateur s’accompagne dune grande chute du ren- 
dement énergétique. 


— J. M. OreRrO y NAVASQUES: 


Comme résumé de la discussion sur les communications de MM. ARNULF (1), FRANGON 
et MarécuaL, on peut dire qu’en discutant les amélierations possibles du pouvoir sé- 
parateur, il faut toujours tenir compte des propriétés du récepteur, quoique on Voublie- 
et on n’en parle pas. En tout cas la capacité de détecter un contraste différentiel,. 
cest-à-dire le seuil du contraste du récepteur, gouverne le pouvoir séparateur de l’en- 
semble émetteur-récepteur. 

Si l'oeil humain pour les luminances moyennes avait une sensibilité au contraste- 
très eloignée du 16% de la régle de Lord Rayleigh, celle-ci n’aurait jamais été employée: 
en optique. 

C’est pour cela que pour améliorer le pouvoir séparateur il faut logiquement: 

1) étudier la sensibilité au contraste pour différentes énergies et brillances éner- 
gétiques de l’émetteur; 


2) étudier et modifier la repartition de Vénergie de l’émetteur sur le récepteur 
de facon que ce dernier puisse opérer dans la zone de sensibilité maximum au con- 
traste. 


(1) Voir dans ce fascicule, pag. 225. 
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Spectroscopy near the Boundary between the Microwave 
and Infrared Regions. 


A. H. NeTHERCOT, J. A. KLEIN, J. H. N. LouBsER and C. H. TowNnEs 


Columbia University - New York 


The spectral region near 1 mm wavelength is still relatively unexplored 
because infrared techniques are very difficult for wavelengths greater than 
0,3 mm and electronic oscillators, although very good at longer wavelengths, 
are poor generators of radiation shorter than 3 mm. Infrared techniques fail 
at the longer wavelengths because at these wavelengths thermal radiation, 
which is used as the source, decreases in intensity as 1/A?. Electronic sources 
fail in the region near 1 mm because most electronic oscillators require accu- 
rately made electrodes of a size comparable with the wavelength, and at one 
millimeter this size becomes too small to fabricate or to dissipate the appre- 
ciable amount of heat involved. 

It is desirable to extend microwaves into this «no-man’s land » near 1 mm 
and even beyond into the infrared because the nearly monochromatic nature 
of the microwave sources give resolving powers about 104 times as great as 
do infrared techniques. This is also a favorable region for microwaves be- 
cause the absorption coefficients of gases generally increase as v? and hence 
absorptions are much more intense at 1 mm than in the region near 1 cm, 
the usual region for microwave spectroscopy. 

At the present time there are two techniques which have pronounced mono- 
chromatic sources of microwaves at wavelengths shorter than 3 mm. One 
method involves the use of a non-linear element, a silicon crystal, to generate 
harmonics of the microwave radiation impinging on it. Thus far approximately 
2 mm is the shortest wavelength which has been obtained with this technique (1) 
in which the primary source of radiation is usually a klystrou. The second 
method is to sort out tbe harmonics which have been found to be emitted by 


(1) O. R. GiLLiam, C. M. JoHNson and W. Gorpy: Phys. Rev., 78, 140 (1950); 
W. Gorpy: Annals N.Y. Acad. Sci., 55, (1952), to be published. 
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magnetrons. Maguetrons are high-power microwave oscillators and have been 
successfully constructed for wavelengths as short as 3,3 mm. Harmonics as 
high as the tenth have been obtained from a 1,25 cm magnetron, and the third 
from a 3,3 mm magnetron (?). Thus microwave radiation as short as 1,1 mm 
has been obtained. Although magnetrons have produced detectable radiation 
at wavelengths shorter than that which has been obtained from harmonics 
of klystrons, they have the disad- 
vantage of not being easily tu- 
ned and hence are less adaptable 
to spectroscopy. 

The apparatus for maximiz- 
ing and filtering the various 
harmonics of a magnetron is 
shown in fig. 1. The «phaser » 
varies the fundamental wave length standing wave pattern on the magne- 
tron output line and hence the operating conditions of the tube. It is adju- 
«sted for maximum harmonic production. The phaser is a small waveguide 
which also acts as a filter to pass only radiation shorter than a given wave- 
length. The filter shown in fig. 1 is a second small waveguide which allows 

only harmonics higher than some selec- 


A a ted number to pass through the absorp- 


Lge = i i tion cell and enter the detector. 
\ 
\ 
\ 


ABSORPTION AMPLIFIER 
CELL 


PHASER 
MAGNETRON FILTER DETECTOR INDICATOR 


Fig. 1. — Schematic diagram of the apparatus 
for detecting and using magnetron harmonics. 


Another arrangement for sorting out 
the magnetron harmonics is shown in 
fig. 2. An echellette grating of about 50 


I 

| 

R : . Dio . 

x : To DETECT lines is used. This is a standard optical 
| 
| 


eR GRGNET®ON \ device, but here the source and output 
4 are in the form of waveguides, | 

sy i A Golay cell has been used as a de- 

\ tector and found to work satisfactorily 

SSA at wavelengths as long as 4 mm with a 


Fig. 2. — Schematic diagram of the sensitivity comparable with its sensitivity 
grating system used for separating in the infrared region if attention is paid 
magnetron harmonics. to tuning the microwaves into the cell. 
Silicon crystal detectors have also been 
used successfully down to wavelengths as short as 1,1 mm and are more 
sensitive than a Golay cell even at this wavelength. 
Some results of measurements made in the millimeter region using magnetron 
harmonics as the source are shown in fig. 3. The long tail on the high fre- 


(2) J. A. KLEIN, J. H. N. LOUBSER, A. H. Neruercot and C. H. Townes: Rev. 
Sci. Inst., 23, 78. (1952). 
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quency side of the ammonia resonance (or group of resonances) shows that 
the shape of an absorption line as given by VAN VLECK and WEISSKOPF (3) 
is qualitatively correct. They give the absorption coefficient as 


Ay uf Ay 
(vy — 1)? + (Ay)? © (v + %)* + (Ay)?}’ 


y = const Py? 


where 


P_= pressure 

v = frequency of measurement 

vj =resonant frequency 

Ay = line breadth parameter, or the half-width at half intensity. 


For » >» and » >Ay this becomes 
y = const: PA, 


which is independent of » as observed. However, the observed magnitude 
of y is only about one-half as large as the expected value if Ay is taken to fit. 
the shape of the absorption near 

resonance. ze 


T ici: D 
x FROM BLEANEY 8 LOUBSER, PROC. PHYS. SOC. 
| 63, 483 (1950) 


The constant value of y for , L Sic 
large » was measured at various oa 
pressures up to 1,7 atmospheres, 
and it was found that Ay must 
be proportional to pressure as is 
expected for low pressures. How- 
ever, this is in disagreement 
with the results of BLEANEY and 
LOoUBSsER (4), who showed that = Wi 
above one atmosphere pressure idr 20 9160 — 180200220246 — 260 
Av must increase more slowly into 
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i È Fig. 3. — Microwave absorption by NH, at one 
than directly proportional to the atmosphere pressure. Note the constant absorp- 
pressure in order to fit the am- tion or «tail» on the high frequency side of 


monia absorption near resonance. the absorption line. 

Thus the VAN VLECK-WEISSKOPF 

line shape cannot be a good representation both near resonance and on the 
high frequency tail of the absorption line. Fig. 4 shows the extent of the 
discrepancy in Ap. 


(3) J. H. vAN VLEcK and V, F. WrIssKoPr: Rev. Mod. Phys., 17, 227 (1945). 
(4) B. BLeaNEY and J. H. N. Lousser: Proc. Phys. Soc., 63 A, 4383 (1950). 
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It may be noted that the high frequency 
tail of fig. 3 gives an absorption of about 
40% in a distance of one meter, and, if one 
accepts blindly the VAN VLECK-WEISSKOPF 
line shape, this absorption should remain 
constant even through the optical region. 
The tail actually must decrease to a very 
small value before the optical region and 
presumably does so at frequencies near which 
hw =kT, or at about 200 cem. Detailed 
knowledge of this decrease would be int- 
eresting. 

The inversion resonance of the first ex- 
cited vibrational state of ND, was also mea- 
sured near 2,5 mm wavelength. As shown 
in fig. 5, this resonance was found to occur 
at 117000 MHz rather than at 102000 
MHz as had been predicted from measure- 
ments in the infrared spectrum. 

The klystron-crystal harmonic generator 


type of millimeter wave source has re- 


ABSORPTION = CONST. x p fe 
AvP + Y= 1 F 


Va» 24 000MC/S: 


v + 192,000MC/S 
© EXPERIMENTAL POINTS Pg 

| DOTTED CURVE — CALCULATED USING Av- CONSTAp | / 

+} SOLID CURVE — GALG, USING Ay-CONSTAp(1-0.25p) -——! 


ABSORPTION x 1073 IN CM! 


PRESSURE IN ATMOSPHERES 


Fig. 4. — Microwave absorption by 
the high frequency tail of the NH, 
line as a function of pressure. The 
measured values fit the assumption 
that Ay is proportional to pressure. 


cently been used in an experimental determination of the velocity of 
light. This experiment depends on measurements in both the microwave and 


the optical (infra-red) region. 


ABSORPTION x 10°%iN cm! 


O : | 
20 CM HG msn al 
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FREQUENCY IN THOUSANO MC/S 


Fig. 5. — Microwave absorption in ND, The 

resonance at 117000 MHz is due to the first 

vibrational state v, = 1. The absorption at 

lower frequencies is due to the high-frequeney 

tail of the inversion lines of ND; in the ground 
vibrational state. 


Im principle one may imagine three energy 


levels of a molecular system, 
two rather close together and a 
third some distance away in 
energy. Transitions between the 
first two fall in the microwave 
region and may be measured in 
terms of a frequency v since mi- 
crowave measurements are cha- 
racteristically made directly in 
terms of frequency. Transitions 
between the first or second level 
and the third fall in the optical 
region, and these are measured 
in terms of a wavelength, since 
optical measurements depend on 
gratings or other diffraction de- 
vices. Thus from the optical 
measurements the separation bet- 
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ween the first two levels may be determined as a certain wavelength 4 and 
the product vA is the velocity of light e. 

The most difficult part of an experiment of this type is the optical measu- 
rement. ‘RANK (5) has done this type of measurement and obtained an accu- 
rate value of the rotational constant Boo) for HCN from the rotation-vibration 
bands near 8000 A. He used a crossed grating of high quality and a Fabry- 
Perot interferometer and was able to fit his observations very exactly to 
rotational energy levels of the form £ = BJ(J + 1)— DJ*(J +1)? with 
Boo = 1,47830 em- + 0,000025. 

The rotational transition J=0 + J=1, which falls near a wavelength of 
3,5mm, has already been measured by microwave techniques (5). RANK and 
his collaborators found, however, that the value of c obtained from the combi- 
nation of the two measurements was very far from the true value. Hence 
we reexamined the J=0 >J= 1 transition of HON and found that the 
earlier microwave measurements involved a gross error of approximately 
30 MHz. The new microwave value of Boy, obtained, which has since been con- 
firmed by the earlier experimenters, is 


Boo = 44315,9 + 0,25 MHz. 


The velocity of light resulting from the two measurements is c= 299776 = 
+5 km/s. The largest part of the error comes from the more difficult optical 
measurement. The microwave measurement may be made still mere exact 
with further work, and Prof. RANK expects that the optical measurement 
can be considerably improved. 

It is interesting to note that the measured velocity agrees exactly with 
the average value of the earlier optical measurements, 299 776 +4 km/s, which 
was generally accepted until the recent purely microwave measurements. These 
recent microwave measurements, which are of various types (7), have esta- 
plished a value considerable higher, namely 299790 +1 km/s. 

The present experiment should probably be considered a measurement at 
optical frequencies since the frequency v should be independent of the method 
of measurement and the more variable quantity 2 was measured at optical 
frequencies. 

This new value of ¢ raises the interesting question whether there is a real 
variation of the velocity of light between the microwave and optical regions. 
The question cannot be immediately settled because any simple assumption 
seems to run into contradictions. Although tbe earlier optical experiments 


(5) D. H. RANK, R. P. RurtH and K. L. vAN DER SLUIS: Phys. Rev., 86, 799 (1952). 

(6) J. W. Simmons, W. E. ANDERSON and W. Gorpy: Phys. Rev., 77, 77 (1950). 

(7) L. Essen: Proc. Roy. Soc., 204 A, 260 (1950); Nature, 167, 258 (1951); K. Bou: 
Phys. Rev., 80, 298 (1950); K. N. FRooME: Proc. Roy. Soc., 43, 123 (1952). 
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gave values near 299776 for c, a very recent optical measurement (8) agrees 
with the higher microwave value. 

The present experiment should undoubtedly be repeated and perhaps 
this, combined with other measurements, will succeed in telling which value 
of c is correct and whether physicists are faced with a variable value for the 
velocity of light. 


(8) L. E. BERGSTRAND: Nature, 163. 338 (1949); 165. 405 (1950). 


INTERVENTI E DISCUSSIONI 


— G. ToRALDO DI FRANCIA: 

I think that these new methods for measuring the velocity of light are extremely 
interesting; the more so as it seems to be a discrepancy between the velocity in the 
optical region and that in the microwave region. As far as I know there is no strin- 
gent theoretical reason why these two velocities should be identical. What we call 
vacuum could very well have a slight dispersion. For instance it is sufficient to attri- 
bute a very small mass to the photon, for getting a dispersion. It is therefore very 
desirable that these methods could be brought to such an accuracy as to give a defi- 
nite and unmistakable answer. 

As regards the measurement of the velocity of light utilising the transition between 
three levels, do you agree that by this method you measure the velocity in the optical 
region? 


— Cu. H. Townes: 

I agree that this result probably should be considered a measurement of the velocity 
in the optical region, since 4 is much more likely to vary than the frequency or frequency 
difference, and 2 was measured in the photographic infrared region. It is tempting to 
give the photon a mass in order to explain the discrepancy, but unfortunately it 
appears to be in the wrong direction for such an explanation. A positive mass for 
the photon should make the velocity at longer wavelengths slower rather than faster 
as is indicated by the experiment. 


ah aiGe) ZUCKER: 


If, as Prof. ToRALDO DI FRANCIA suggested, the theoretical explanation of a pos- 
sible discrepancy between the light velocity in the visibile and microwave regions is 
to be sought in the dispersion of light in vacuum, then it is very important (cf. the 
work of Prof. GaLLi) to know whether the measurements made were of the phase, 
group, or signal velocity. It seems to me that Dr. Townrs measured the phase velo- 
city, but I would like him to check me on this. 


— Cu: H. Townes: © 
This experiment did measure the phase velocity of light. 
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(Paper presented by F. J. ZUCKER) 


1. — Introduction. 


The antenna designer can readily compute by means of standard synthesis 
methods the aperture excitation necessary for a desired radiation pattern. 
However, when he constructs his antenna and measures its performance he 
finds that his experimental pattern only approximates the theoretical one. 

This is because he has not achieved the theoretical aperture distribution 
in his model. This deviation or error may be due to many causes, depending 
largely on the type of antenna. However, we may divide aperture excitation 
errors into two types; namely, «systematic » or «predictable » errors and 
«random errors ». 

Into the first class we place those errors which are calculable by a complete 
and rigorous solution of the particular antenna problem. They create aper- 
ture errors as their determination is usually neglected, being in many cases 
extremely difficult. ‘Examples of such errors are, 1) mutual effects between 
elements of an array, 2) scattering from and blocking due to the feed of a 
parabolic mirror, and 3) diffraction at a lens antenna step ete. 

In contrast, «random » errors are caused by accidental and usually slight 
deviations of the antenna parameters from tbeir design value. Into this class 
we would place, 1) machining errors, 2) r.f. measurement and adjustment 
errors, and 3) a random distortion of the surface of a parabolic mirror, ete. 

The type of error may be distinguished by noting that a number or en- 
semble of seemingly identical antennas will have the same «systematic » error; 
whereas «random » errors will vary from antenna to antenna. This sepa- 
ration may be difficult in a constructed antenna; however, the errors can 
always be theoretically resolved, for if we designate by fo(x) the desired aper- 
ture distribution, by f(x) the distribution of a given antenna, and by f(#) the 
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ensemble average distribution, then the systematic error is 


(1) ese) = f(#) — fol) , 


and the random error is 
(2) e-(e) = f(a) — f(a) . 


Systematic errors, once known or measured, may be treated by standard 
methods which have been discussed in the literature. Briefly, the error may 
be expanded in either a power series or as a Fourier series over the antenna 
aperture. In the former case, the far field radiation pattern is expressed as 
a sum of the desired pattern and of its derivatives (’). The alternate Fourier 
expansion yields the far field as a sum of the original pattern and patterns 
of the same shape harmonically displaced from the origin (?). Both error 
expansions yield the same result provided a sufficient number of terms are 
taken in each case. However, in a particular problem one may be of consi- 
derable advantage over the other. 

Random errors due to their nature form a statistical problem. We can 
speak only about what happens on an «average » over a large number of 
« seemingly » identical antennas and how the probability of a given result 
varies from this system average. Random errors have not received extensive 
attention (*) and this paper is primarily devoted to their effect on the far field. 
A theory is formulated for their treatment in both the case of the discrete, 
and the continuous aperture. 


29, — Nature of statistical sums. 


As the radiation pattern is the additive contribution from the various 
elements of the aperture we are interested in the statistical nature of sums, 
Let us first consider the sum S of a large number of random variables x: 


(3) Sidia 


(1) S. Silver: Microwave Antenna Theory and Design (New York, 1949), p. 186. 

(2) J. Brown: The Effect of a Periodic Variation in the Field Intensity across a 
Radiating Aperture, I.E.E., Part III, 97, 419 (1950). 

3) L. L. Barcin and M. J. EHRLICR: Factors Affecting the Performance of Linear 
Arrays, in Transactions of the IRE Professional Group on Antennas and Propagation, 
No. 1. 
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The «,’8 are samples chosen at random from N distributions, not necessarily 
the same, and we inquire, what is the distribution or likelihood of their sum. 
The Central Limit Theorem of statistical theory, subject to rather wide re- 
strictions, states that the sum will be distributed in an asymptotically Gaussian 
manner with a mean m and variance o? which are the sum of the individual N 
distributions, that is (4) 


N N 
(4) m= > mx; (RE= DA 


and the distribution of the sum $ is characterized by m,o, and is 


Ti: 
W(S) = == exp [— (S—m)?/20î]. 
a x 


OL 
e 


The result can be applied to our problem of antenna errors as a given error 
is caused by random and generally independent contributions from a number 
of sources. It, therefore, will be distributed in a approximately Gaussian 
manner whose mean the designer endeavors to be the design value. The 
result also indicates that the sum of a large number of d.c. or in-phase voltages 
or vectors will also be Gaussian. 

Next we consider the distribution of the magnitude 


N N 


(6) ris [(> a.)?+ > Ue) D alee : 


The component sums are distributed, from the above, in a Gaussian manner. 
The distribution of » is formed by two perpendicular normal distributions. 
If the component distributions are equal and characterized by 0, 0/V2, then r 
can be shown to be Rayleigh distributed, that is: 


9 


(7) Wir) == exp -rjo%). 


The Rayleigh distribution is characterized by a single quantity, the mean 
square of r. This distribution occurs in a number of physical problems. One 
of these is the two-dimensional random walk, wherein a particle suffers a 
large number of random displacements, with all directions equally likely. Its 
final position is given by (6) and its probability distribution by (7) with 0? 


(4) H. Cramer: Mathematical Methods of Statistics (Princeton, 1946), cpt. 15 to 20. 
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equal to the mean square of its displacements, r. Furthermore, the resultant 
of a large number of random voltages of arbitrary phase is merely the root 
mean square of the sum of the component voltage sums as given by (6), and 
is therefore Rayleigh distributed with o? equal to the mean power. 

BLAKE (5) has shown that when a constant displacement a is added to the 
Rayleigh distribution, that is if we consider the distribution of 7, where 


(8) i [(a + soi Dpr, 


the result is distributed in a modified Rayleigh manner given by 


2ar 
(9) Wi) exp [— (a? + 7?)/0?| AA ; 


where I, is the modified Bessel Function. 
Fig. 1 shows this modified Rayleigh distribution for various values of the 
displacement a. For small values of a this distribution approaches the Ray- 


Probability Density w(r) 


Field Strength r 
Fig. 1. — Rayleigh and modified Rayleigh distribution; 


2r a+ r?) 


a = 2ar 
W(r)= = exp | ( o? 


o? 


0 


leigh curve and for large values of a, due to the asymptotic behavior of the 
Bessel function, we obtain 


(10) We) > Len @— ni), 


or approximately Gaussian~ behavior. 
Another quantity of interest is the cumulative probability, that is the 


(°) L. V. BLAKE: Proc, I.R.E., 38, 301 (1950). 
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Fig. 2. — Modified Rayleigh cumulative probability. 


probability of a sum being below some value, say 7. This is given in terms 
of the distribution function by 


(11) Oa ar fw) Wm 


Fig. 2 shows the cumulative probability for the distributions plotted in fig. 1. 


3. — Application to a discrete antenna array. 


Let us consider an array of MN elements spaced a distance d apart, a quarter 
wave in front of a reflecting screen. The far-field field-component intensities 
are given, outside of distance and proportionality factors, by (°): 


N M 
(12) E,(0, p) = cos 0 cos p Y XY Inn exp [jk sin O[md cos p+ nd sin p]] , 


TTM: 
(13) E,(0, p) = sinp Y Y Inn exp [jk sin 0[md cos g + nd sin g]] . 


(9) S. SiLver: Microwave Antenna Theory and Design (New York, 1949), p. 89. 
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The coordinates are the usual right-handed system, 
ay plane and directed aiong the 2 or 6 = 0 axis. 


flow in the x-direction. 


with the array in the 
The current is assumed to 


The above formulas should be multiplied by a screen 


factor of sin ((7/2) cos 0); however, we shall use the closely related function 


4/cos @ to preclude later integration difficulties. 


The current distribution I, is usually tapered to suppress the minor lobe 


radiation. 


In particular, DoLpPH (7) has shown that the properties of the 


Tschebyscheff polynomials may be utilized to obtain any degree of side lobe 


suppression, and that further, this distribution 
has certain optimum properties. 

Theoretically, therefore, the side lobe level 
may be chosen as low as desired. However, 
little consideration indicates that slight devia- 
tions from this theoretical current distribution 
may cause profound changes in the side lobe 
level and in general a reduction in gain. This 
becomes clear when we consider the vector ad- 
dition of the contributions from the various 
‘antenna elements (fig. 3). In the side lobe 1e- 
gion we require almost complete destructive 


BK a 


| 29 db circle 
eaera i #3 


SI | 


side lobe region 


interference and the vector magnitudes must Soy Agere 
be carefully chosen and precisely maintained dai 
so that the cancellation is within our tole- Fig. 3. 
rance over the entire region. We suspect that 
greater side lobe suppression requires not only a greater current taper, but 
also greater current accuracy. 

Now let us consider the individual element currents independently in error, 
‘both in phase and magnitude; that is, our currents become Imn(1 + ARS 
xexp [jOnn]. The resultant far field pattern will be of the form 


(14) g(u) =V[golu) + ax] + [dy]? 

‘where go(v) is the field strength with no error. In the side lobe region where 
the contributing vectors have spiraled around many times, t the sums in (14) 
would have statistically zero mean and identical variance. As (14) is of the 
form of (8) the side lobe intensity will be distributed in a modified Rayleigh 
manner with g.(w) playing the role of the previously introduced displacement a. 
If now we were to determine the mean power our distribution would be com- 
pletely specified. 


(7) C. L. DoLPH: Proc. I.R.E., 34, 335 (1946). 
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The power patterns may be obtained from (12) and (13) by forming the 
complex conjugate. Writing the summation terms only, we have 


(15) PO, pc SY XY YInaTt(1 + Ann)(1 + Age) xp [j(Snn — Opa) ] 


m 


‘exp [jk sin 6[(m — p) d cos p + (n — g)d sin g]] + 
The desired or no-error pattern is 
M N M N 
(16) P.O, @)oc Y > DX Innlza exp [jk sin 0[(m — p)d cos g + (n— qa sin g]] - 
E p "4 


Computing the «system average» pattern, designating this pattern by 
P(0, ®) and assuming, as is likely, that the mean error is zero or that 4,,,= 
Ònn = 0 we have: 


M N 
> D'Imnlx[008 y + i sin y]- 
‘exp [jk sin 0[(m— p) d cos p + (n— qa sin g]] + 


where we have let y = mn — 0» and realized that the mean of the sum of 
independent variables is the sum of the means. 

We must now evaluate the mean of cosy and siny where our funda- 
mental random variable is 6. We may assume that 6 is distributed in a 
normal manner. This will be asymptotically true if the phase error is due 
to a number of causes and such errors are small. y then becomes a random 
variable generated as the difference of two samples chosen from a normal 
distribution. The distribution of y, commonly called the «range », may be 
calculated to be 


(18) w(y) = = exp y2/407], 
V dod? 
and 
(19) GOs Y = | cos yo yw(y) dy = exp [— 93/2] = exp [ 6°], 


= fol ywy)dy = 0. 


=~ 
bo 
oS 

az 
[A 


Applying these results to (17), making use of (16), and adding the two com- 
ponent powers (12) and (13) we have 


(21) P(0,9) =P:(0,g) exp [— 62] + s(0, y)[42+ 1— exp [— 62] Ses 
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01 10 
ì where 
08 al = = [= T ml 
Sisal el IEE: 
0.6 ni T gr do : A 
Jul i 9 (22) s(0, p)= cos O[cos? 0 cos? p+ sin? pl. 
0.4 +f > 14 
- x Normalizing our pattern and calling £? 
x | nl 2 
bigs Ay sg ole , the total mean square error 
è SY ay 
3 RO ww 
io} = 
È É/| 9 x (23) e=[47+(1— exp [—9*])] 
1 7A 4 5 4 20 
2 5 ’ = aa È e 
Do Vea Aaa exp [0?] ~ 4° + 6%, 
x 3 Fie 2 I 7 
6 & o/ ST + 
N A e Vv | _| 
[oy ay RY | T T 23 9 SÈ 
‘04 2 fp t } t i + (24) P(0, P) as 
S, a! L M N 5 
| =; Di DS I n 
| | lee = P0, 9) 4 s(0, p)e? ii 
+02 + + 
Va rT Soe 
A | | 
\ 29 
Root Mean'S Erro di Ò 
on Le S00 SO Eq. (24) gives the «average system » 


Fig. 4. — Side Lobe Distribution for pattern. We see that tbe effect of the 
25 Element Broadside Array. Desi- distribution error is to add an essentially 
gned for 29 db Side Lobe Suppression. constant power level proportional to the 
Computed at Design Lobe Maxima. mean squared error. Individual arrays 

and particular spatial directions will show 
side lobe radiation differing from this constant value; however. such 
radiation will be distributed in a Gaussian manner about the undistorted 
pattern when the error contribution is comparatively small and in a Ray- 
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Fig. 5. — Theoretical effect of error currents on radiation patterns of 25 element 
broadside array designed for 29 db side lobe suppression. a) No error. 6) 0,40 r.m.s. 
error in each element at random phase. 
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leigh manner for large errors when the original side lobe radiation may be 
neglected. The formula also indicates that relatively smaller spurious radiation 
will occur for a large number of ele- 
ments. Hence, for a given current pre- 
cision low side lobes are more readily 
realized with large antennas. 

Fig. 4 shows these results graphic- 
ally for the special case of a 25 ele- 
ment array (M= 25, N= 1) designed 
Tschebyscheff  distribut- 
ion to yield side lobes of 29 db. 
Fig. 5 shows both the no-error pat- 
tern and a pattern obtained by ad- 
ding to each element a 40 percent 
7 | current at a random phase (e = 
ò se oi 55 zG = 0,16). Finally fig. 6 plots the di- 


100 


Computed from 
Actual Antenna 


so Pattern 


Computed from 
— Statistical Ana-| 
lysis 


with 


Probability that Side Lobe 
Level is Greater than r db 


r= Side Lobe Level db stribution of side lobe magnitudes as 
Fig. 6. obtained from the computed error 


curve in fig. 5 and compares it to 
mathematics. 


the theoretical Rayleigh distribution, checking 


4. — Application to a continuous aperture. 


a) Effect on Radiation Pattern. — In ge- 
neral the same statistical considerations apply 
to the aperture antenna as to the discrete array. 
However, an additional factor is introduced 
which alters the final result. In the discrete case 
we assumed that the error current in one 
element was independent of the error currents 
in adjacent elements. This assumption is un- 
tenable in an aperture antenna as if the error 
is large at one point it will probably be large 
in its immediate neighborhood. The size of the 
correlated region will be found to affect both 
the magnitude and the directional characte- 
ristics of the spurious radiation 

For our discussion let us consider a circular 
aperture excited by an electric current in the 
x-direction. Fig. 7 shows the coordinate sy- 


our 
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stem. As we are interested primarily in parabolic mirrors we will assume 
only a pure phase error. 

Following closely our discrete analysis and avoiding needless repetition, 
Eq. (12) and (13) hold provided we replace the summations with integrations. 
over the aperture. For the paraboloid the integration is performed over the 
undistorted mirror surface instead of the plane aperture. This integral with 
a position dependent phase error is 


(25) E(0,9) =i J,(R) exp [jK-R] exp [j5(R)] 4S, , 


where K and R are vector quantities and the power pattern (corresponding 
to Eq. (15)) becomes: 


(26) P(0,9) =|| J(R)J*(R') exp [jK-(R —R’)] exp [j[6(R) — ò(R')]] dS ds’ .. 
changing the vector position variable, so that (R—R’) = T, 


eno [[a(R + T)J*(R) exp [jK-T]exp [jl6|R + T|— 4(R)]] 4S, 48p- 


With the same notation as previously we obtain for the mean pattern 


(28) PO, 9) = [| J(R+ T)I*R) exp [JK -RI[eos y + isin y] AS, As . 


Now y, the phase difference of two points on the aperture spaced a di- 
stance T apart, has zero mean as positive and negative errors are equally likely. 
For large values of T the phase errors are uncorrelated and the mean square 
has the same value as previously. For T= 0 the mean square phase diffe- 
rence is obviously zero. The mean square value therefore depends on T and 
we have only its limiting values. We must assume some functional form to. 
fit these conditions. Let 


(29) wt) = 26°[1 — exp (—77/C?)] with t =| T| 


where C may be defined as a «correlation interval », that is, that distance 
«on average» where the errors become essentially independent. In using 
Eq. (29) we are making the further assumption that the errors are uniformly 
distributed over the aperture. Inserting into (28) with the aid of (19) and 
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defining the aperture auto-correlation function as 


(30) p(T) [IR + DII*R) aS. 
[.72(R) aS, 


’ 


we obtain 


(31) P(0,9)= exp[— d?] | 72(R) a8, | p(T) exp [jK - T] exp [6?] exp [— 12/0? ]d8;, , 


expanding the exponential and realizing that the undistorted pattern is 


(32) P,(0, 9) = | JR) AS] p(T) exp [jK:T]aS,, 


we have 


P(0, p) = P.(8, 9) exp [—6*] + 


SE i exp [— nt?/C?|r dr da. 


a 


+ exp 34 | J4R)AS $ | (Mep XP 


Now 9(T) is a slowly varying function with g(0) = 1 whereas the exponential 
essentially vanishes for t > €; realizing that 


9 
K.T- co sin 0 cos (p— 2), 


the « integration may be performed with the «= sin 0 


P(0, ~) = P(0, 9) exp [ dI] + 


se n 2 
n da | J(° "| exp [— nt?/C?|r dt, 


0 


+ exp [— di] | J(R) 48, > 
the last integration is susceptible to the method of residues 
P(0, 9) = Pol, 9) exp [— d] + 


[62] 2(n—1) 


nin 


+ 62022? exp [— d?] b exp [—2?u?C?/nA?] 


| 2(R) dS ,, 


normalizing by dividing by the factor [ | J(R)d8,]*? and defining the normal 
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gain G, as 


(33) o, 4 [[J(R) a8,]? 
Ae {J*(R) dS; 


we obtain 


6) DO, q) = Pilg) E 90,0] & EI spal]; 


e 

MG #1 nin 
where we have further summed the two component powers and introduced 
our obliquity and screen factor. 

Eq. (34) is comparable to Eq. (24) and gives the average system pattern. 
For small phase errors we need to consider only the first term of the series, 
the disturbing pattern then is 
(35) 40277202 


— 7r?2u2C2 2]. 
2G, exp [— 2?u?C0?/A?] 


We note that the spurious radiation is again proportional to the mean 
squared error but in addition is proportional to the square of the correlation 
interval in wavelengths. Furthermore, this radiation is no longer uniformly 
spatially distributed but becomes di- 
rectionally directed along the axis of the 
aperture. The directivity increases with = i i 
the size of the correlation region, so that su 
for «rough » reflectors, where the correla- " | | 
tion interval is small, energy is scattered i 
essentially uniformly. This is not at all n : : 
suprising physically, for regions large 
compared to a wavelength (which are 
at the same phase) will scatter more : 
strongly and more directively. | 

The higher order terms of Eq. (34) are 10 ss i » 
of lower directivity and hence have the i i 
same effect as a smaller correlation inter- a 3 lr 
val. This again has physical basis due to 10 I cade. 
the periodic nature of the trigonometric == a 
functions. | | | È 


The above analysis indicates the im- i | | | = 
0° 10° 20° ew 40° 50° 60° 
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Set 
SE'LHUI 
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portance of the correlation region on the 
scattered energy. If errors are unavoi- Fig. 8. — Circular Parabola, 
dable in a reflecting surface th hi Average System Pattern 30 inches 
: 5 TRACE Ue aires a Aperture ; X-band Correlation In- 
be small in extent -rivet heads, etc., small terval = 4; Diameter 242; Cosine 
cempared to a wavelength, and should Squared Illumination. 


24 - Supplemento al Nuovo Cimento. 
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have a negligible effect on the mirror performance. Fig. 8 shows the average 
radiation pattern for a typical reflector with various amounts of random error. 

b) Effect on Antenna Gain. — The average reduction in gain can be 
obtained by inserting the modified radiation pattern, Eq. (34) into the exact 
gain formula (Poynting Vector integration of the far field) 


È + 
(36) E eee 
[ Do, p) a’ 
4m 
The result of this manipulation yields for the ratio of gains 
G 1 
(37) = ——_—T—+—.. — , 
Go 14 C7? P 2S rea) 
Re 2Qntiriconin nm (m +2)! 


Fig. 9 shows the reduction in gain of a parabolic mirror as function of 
reflector mean deviation. It is possible to obtain simpler formulas than 
Eq. (37) for the limiting cases of small 

r.m.s. reflector error in radians nd large correlation intervals. 


0. 0.2 0.4 0.6 Accordingly, we have for small errors: 
a) Small correlation interval 0/2 <1 
oD 
= G 3 = On? 
i 38 — wy 1—- 6?- 
1. 5 ) Go 4 ; 4? 
8 b) Large correlation interval 
n 
fe) 
2. -y—- G = 
39 — R1- dò. 
(39) G, 6 


In fig. 8 we have indicated the limiting 
pia case of Eq. (37) as «Spencer’s (8) or Maré- 
Valve chal’s (*) Limiting Value ». This result that 
the fractional loss of gain is equal to the 
mean square phase error is derived by means 
of a much simpler analysis in the indicated 
papers. Essentially it depends on a series 
expansion of the gain formula, Eq. (33). 
Fig. 9. - Reduction of Gain of | 8 this formula is based on the plane wave 

Parabolie Mirror. assumption, it holds only for large in- 


5. 


(8) R. C. SPENCER: A Least Square Analysis of the Effect of Phase Errors on Antenna 
Gain, Report No. E5025, Air Force Cambridge Research Center (January 1949). 

(9) A. MARfcHAL: for Enylish Summary see E. WoLF, Reports on Progress in Phy- 
sics, 14, 106 (1951). 
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Fig. 10. Distorted dish (Indentation in inches). 


phase apertures and therefore only approximately for large correlation inter- 
vals with small phase errors where it agrees with the herein presented theory. 

c) Experimental Verification. — To provide an experimental check of the 
theory a commercial parabolic mirror was distorted in a «random » and pre- 
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scribed manner consistent with the theoretical assumption and its experimental 
performance was- compared with an undistorted dish. Deliberate distortion 
was resorted to, instead of using a poorly made dish due to the difficulty of 
accurately measuring the mechanical deviations of the surface. Comparati- 
vely large distortions were used so that a measurable effect could be observed. 

The dish chosen was a 30 inches diameter, 10 inches focal length paraboloid 
fed by a double dipole waveguide feed. The wavelength used was 3,2 cm. 
The reflector was distorted 
by forcing into its surface 
a metal die shaped accord- 
ing to a Gaussian curve. The 
depth of indentation was 
chosen at random from a 
Gaussian population with a 
mean indentation depth of 
0,39 radians corresponding 
to a theoretical reduction 
of gain of 2,75 db. The in- 
dentations were chosen 4 
inches on centers, yielding 
a correlation interval of one 
wavelength. 

Fig. 10 shows the com- 
pleted reflector with the in- 
dentation depths marked in 
inches. Fig. 11 shows the 
comparative patterns of the 
battered and a «perfect » 
dish, indicating a loss of 
gain of 2,5 db. As our statistics indicate that 68% of such distorted dishes 
should lie between — 2,27 and ---3,23 db our theoretical gain predictions 
are verified. It should be noted that in several places on the distorted sur- 
face the error is sufficient to cause an aperture phase error of almost a com- 
plete wavelength. 

The angular distribution of the side lobes and the distribution of their 
magnitudes is also of interest. To avoid the expense of building a number 
of distorted dishes, patterns were taken only on a single dish. However, for 
each pattern the dish was rotated 15°. The eleven different patterns so obtained 
are superimposed in Fig. 12. In this figure also is shown the theoretical 
no-error pattern, the mean ensemble power pattern and the statistical patterns 
indicating the probability that the experimental patterns lie 68, 95 and 99 per- 
cent below these values. 
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Fig. 11. - Experimental patterns. 


Frequency X-band (A= 3,3 cm); 30 inches Parabola 
focal length = 10,6 inches H-plane. 
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The data of Fig. 12 indicate: 

a) The angular distribution of the side lobe magnitudes follow the theo- 
retical predictions rather well. 

b) Higher side lobes are present than would be indicated by the sta- 
tistical theory. This can be explained in that we are basing our predictions 
on a theoretical aperture pattern. Even our «perfect » dish does not follow 
the theoretical pattern exactly. In general, it is found that experimental side 
lobes are unequal and higher than theoretical. This behavior of good dishes 
is due to a number of causes among which are unsymmetrical primary feed 
patterns, primary feed blocking, ete. In view of these neglected effects it is 
not surprising that our distribution is shifted upward in a few places. 

c) In the vicinity of 22° off the major lobe, there exists a violent dis- 
agreement with statistical predictions in that for six patterns radiation is 
found as much as 6 db higher than expected by the 99 percent line. A little 
consideration reveals the cause of these lobes. As our battered dish was 
constructed with indentations of random depth spaced 4 inches on centers 
we have introduced a periodic error of a 4 inch period. Such a periodic error 
should create minor lobe radiation at 23°, 39° and 729. The excess radiation 
at the 22° position therefore reveals the hidden periodicity we have inadver- 
tently built into our battered dish. 
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Methods of Light Optics for the Calculation of the Diffraction 
Phenomena within the Range of Centimeter Waves. 


H. SEVERIN 


III. Physikalisches Institut der Universitat - Gottingen 


In connection with the rapid development of the technique of very short 
electromagnetic waves the pioblem of the diffraction phenomena of these 
waves has been treated in a series of experimental and theoretical papers in 
the last few years. Within the range of these waves physical conditions are 
different from those applying. in light optics: for whereas in light optics the 
distance of the observation point from the diffracting obstacle, and, in most 
instances, the dimensions of the obstacle itself are very great compared with 
the wave length, with electromagnetic centimeter waves the field can be inve- 
stigated even in the immediate neighbourhood of a diffraction object, whose 
dimensions, moreover, can be of the order of magnitude of the wave length. 
Therefore, the results of such measurements go beyond the experiences gained 
by optics long ago and, apart from the purely scientific interest they offer, 
are also of practical value. 

The most straightforward method of the exact solution of electromagnetic 
diffraction problems is that of the integration of Maxwell’s equations with 
consideration of the boundary conditions at the surface of the diffracting 
object. This is possible if the boundary surface can be interpreted as the 
coordinate surface of a curvilinear coordinate system, in which the Maxwell 
equations are separable ; therefore this method is limited to definite geometric 
shapes of boundary surfaces. Owing to considerable mathematical difficulties, 
with the tridimensional problems so far only the sphere as the geometrically 
most simple case with any material constants (1), and more recently the per- 
fectly conducting disc, have successfully been dealt with (#5) 


(1) P. Despre: Ann. der Phys., (4) 30, 57 (1909). 

(2) J. MEIXNER: Zeits. f. Naturforsch., 3a, 506 (1948). 

(3) J. MEIXNER and W. ANDREJEWSKI: Ann. der Phys., (6) 7, 157 (1950). 

(4) W. ANDREJEWSKI: Naturwiss., 38, 406 (1951). 

(5) W. ANDREJEWSKI: Die Beugung elektromagnetischer Wellen am der leitenden 


Kreisscheibe und der kreisférmigen Offnung im leitenden ebenen Schirm (Dissertation, 
Aachen, 1952). Will be published in Zeits. angew. Phys. 
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The phenomena of diffraction of electromagnetic waves by thin, but not 
necessarily plane screens of finite magnitude and of any boundary curve are 
of great practical interest. We are for instance thinking of the numerous 
shapes of beam aerials for decimeter and centimeter waves, of the use of 
various reflectors, mirrors, horns and lenses. All these problems have not 
been accessible to accurate calculation so far. 

It is desirable, therefore, to look for a method of approximation which 
is not limited to special shapes of the diffracting object, similar to the one 
indicated by KIRrcHHorr in the field of light optics. Kirchhoff’s formula, 
although applying to scalar wave functions only, gives nevertheless results 
‘which are to an astonishing degree in accordance with experience, as within 
the optical range the wave length is very small compared with the dimensions 
of the diffracting object, and the observation covers only small diffraction 
angles. Owing to the different physical conditions within the range of the 
centimeter waves the vector character of the electromagnetic field must be 
taken into consideration in constructing a method of approximation. Its effi- 
ciency is checked by means of concrete examples, in which the approximate 
solution can be compared either with the results of the exact calculation or 
with corresponding measurements. 

Kirchhoff’s formula known from light optics 


(1) aa) SH u(Q) ca [= saa du(Q) exp [— ikr] af, 


on \ r on r 


1 = tro = V(% — &)* + (y—n)* + (@—C) 
enables us to give the solution of the wave equation 
(2) Au + ku =0, 


for a volume (n = outward normal), if v and du/dn on the boundary surface 
of the volume are known. The corresponding vectorial equations have been 
given first by KOTTLER (*) and later on by other authors (7%): 


| taG(P)= — rote [dex E(Q) ee x prot, rote] [dix (0) de 
(3) : k . | 
[as —rot,| [ajax 510) ce; rote] [ata te e È 


(6) F. KoTTLER: Ann. der Phys., (4) 71, 457 (1923). 

(7) J. A. STRATTON and L. J. Cau: Phys. Rev., 56, 99 (1939). 
(8) H. Zuurr: Frequenze, 1, 33 and 63 (1947); 2, 6 (1948). 
(9) W. FRANZ: Zeits. f. Naturforsch., 3a, 500 (1948). 
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With these formulas it is possible to calculate the electromagnetic field from 
the tangential components of & and § on any closed surface in every point of 
the bounded volume and this field obeys Maxwell’s equations: 


(4) ike =T0w © ; ik =rot E. 


The possibilities of the exact application of the formulas (1) and (3) are very 
limited, because as a rule the values of w and dufdn, or Of Etang 20d Digng OD 
the boundary surface are not known. As you know, Kirchhoff’s approximation 
consists in the proposition to use plausible approximate values instead of the 
unknown exact boundary values. For instance, if it is a question of diffraction 
by a plane screen, according to KIRcHHOFF the field on the screen will be: 
taken as zero, and for the rest of the screen plane the field will be identified. 
with the field of the incident wave. Within the optical range the physical 
insufficiencies of these assumptions are practically of no importance owing 
to the smallness of the wave lengtb, a fact upon which rests the great effi- 
ciency of Kirchhoff’s method. If however the distances of the observation 
points, the dimensions of the diffracting object and the wave length are of 
the same order of magnitude, the usefulness of such a method cf approxi- 
mation must first be put to the test by comparing it with experience. 

Quite apart from the physical questionability of Kirchhoff’s assumptions 
a method of approximation based on the formulas (1) and (3), respectively, 
starts with a mathematical incorrectness, inasmuch as the boundary values wv 
and dufdn OY Gang MAI Htang Cannot be given independently from each other. 
For according to the uniqueness theorem the field is determined within the 
whole volume including the boundary surface even by the choice of wu or du/dn 
and Gang 9” Dtang? respectively, on the integration surface. If the formulas (1) 
or (3) are applied approximately with any assumed boundary values, we obtain 
solutions of the wave equation (2) and Maxwell’s equation (4), respectively; 
however, these solutions do not reproduce the field values assumed on the 
integration surface. 

This mathematical difficulty can be avoided in the case of scalar formulas 
by means of the method of Green’s function indicated by SOMMERFELD (!°). 
The resulting integrals permit the calculation of u from the values of u or du/dn 
on the boundary surface and furnish solutions which, with any assumed 
boundary values, really reproduce these values. If Sommerfeld’s method is 
generalized and applied to the vectorial problem, equations (**) are obtained. 
in an analogous way by introducing Green’s tensors; these equations make 


(10) A. SOMMERFELD: Elektromagnetische Schwingungen, in FRANK-MISES: Partielle 
Differentialgleichungen der Physik (Braunschweig, 1935) Band II. 
(11) H. SEVERIN: Zeits. f. Phys., 129, 426 (1951). 
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possible the calculation of the field in a volume from GE;,ng 07 Otang 00 the boun- 
dary surface. Physically speaking, Green’s tensor /"(P, @Q) is an operator 
which, applied to the oscillation direction e(Q) of the unit dipole in point Q fur- 
nishes the field in point P modified by the limitation of the diffracting object, 
according to 


GP) = IP, Q)-e(Q). 


Sufficiently near to the dipole this field behaves as the field of an undisturbed 
dipole wave, in the infinite it must fulfill the condition of radiation (1°). With 
the same geometric shape of the boundary surface two Green’s tensors '®(P, Q) 
and I(P,Q) can be distinguished, which are coordinated with the perfectly 
conducting and the highly permeable boundary surface, respectively, because 
there the conditions 


fox PP, Q)=0 resp. df, x rot PP, Q) = 0 


apply. If on the boundary surface of the volume the tangential component 
of $ is given, the field in the interior is represented by 


| 4nE(P) = # rote || (af. x0(Q)) PUP, Q) 

| 4r90(P) = — lì | (di, x ©(0)) TP, Q) ; 

and if the tangential component of & is given, by 
41G®(P) = -J/ T(Q, P)- (df, x EQ), 
418) (P) --j rot, | | TQ, P)-(di,x E(Q)) . 


Thereby Kirchhoff’s assumptions are now possible in a mathematically 
unquestionable way, and any assumed boundary values are reproduced by 
the functions calculated according to (5a), (5b), if the point P is brought on 
the boundary surface. With the formulas (5a), (5b) we have not gained very 
much, at first, for the calculation of the diffraction field, as the determination 
of Green’s tensor does not represent anything else but our initial problem. 
However, in the important special case of an unlimited plane boundary surface 
Green’s tensor — exactly as Green’s function in the scalar problem — can be 


(12) CL. MiLLER: Zur mathematischen Theorie elektromagnetischer Schwingungen 
(Berlin, 1950). 
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conveniently produced with a method of images. The formulas (5a), (50) 
then take the form 


2aGO)(P) = - rot, rot, [|a x 5(0) = ikr] 
6 Ue 
i 27:50) si exp [— ikr] 
n (P) = — rote | | af x(Q) OP 
| 2aGP)=— rote [| ay Se SIIT ikr] 


(65) } 1 i 
| 229 2)(P) = =F rot, rote| | dj, x &(Q) 


exp [— thr] 
7 


and the integrals have to be extended over the entire infinite boundary plane. 

If the tangential components of © and © were known on the entire screen 
plane, it would make no difference from which of the exact formulas (6a) 
or (6b) we would start for calculating the diffraetion field. However, the 
boundary values Gtang OF Stang ave known on part of the screen plane only; 
on the screen itself the boundary condition of the perfect conductivity 


— i cb Can ge * 
Gtang = 0 ’ 1.€. Stang Foe” Stang ( ) 


applies, from which follows 


EE A b Foa 
Dtang b.È Dtang? eter Dtang iù 


for the rest of the screen plane. Still, the formulas (6a), (66) make it possible 
exactly to fulfill the boundary condition of the problem in question at least 
for part of the integration surface, so that, compared with (3), an adaptation 
to certain reflection properties of the screen can be achieved. The unknown 
boundary values are replaced, according to KIRcHHOFF, by physically plau- 
sible approximate values, so that two altogether different approximations 
result from (6a) and (6b). If we consider for instance the case of the dif- 
fracting aperture in a plane, perfectly conducting screen, the method of ap- 
proximation can be applied in such a way that either: 

a) in the free aperture we assume the correct value for Hang ViZ- the 
value of the incident wave, i.e. Stang = Ofang aNd at the back of the screen 
in the first approximation we assume Hang = 9, OF 

b) on the screen we fulfill the boundary condition Gang = 0 and in the 


(*) The indices «e» and «b » refer to the field of the incident wave and to the field 
of the diffracted wave, respectively. 
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aperture we assume for G;,,¢ approximately the value of the incident wave 
Cc Pesi ce 
Crane SA Stang © 

According to measurements by ANDREWS (1!) (fig. 1), the electric field © 
shows a pronounced structure in the aperture, so that Kirchhoff’s assumption (b) 


Fig. 1. — Relative amplitude square of the electric field strength in the circular 
aperture (diameter d = 2A, 34, 44, 84) along the diameter parallel to 6°. 


of the unmodified field of the incident wave constitutes only a very rough 
approximation for the true electric field E in the aperture. An undoubtedly 
smaller error occurs when using the method a), where the exact magnetie 
field strength is introduced in the aperture; by assuming Sgang = 0 on the 
screen, the contribution of the integrals (6a) over the screen surface is neglected 
as opposed to the exact solution. This contribution is small compared with 
the value of the integral extending over the aperture if Sang behind the screen 
falls off sufficiently fast with increasing distance from the edge of the aperture; 
we know from experience that this decrease extends over a range of the order 
of magnitude of a wavelength independent from the dimensions of the aper- 
ture, so that the error of the approximate values loses in importance as the 
aperture increases. 

With a plane, perfectly conducting disc the formulas (6b) will be preferred 
on the grounds of analogous considerations, as these formulas permit the exact 
fulfillment of the boundary condition G&,,ng =0 on the disc. With geometri- 
cally complementary screens the two approximate solutions thus constructed 
obey Babinet’s principle of electrodynamies (4), according to which from the 


(3) C. L. ANDREWS: Journ. Appl. Phys., 21, 761 (1950). 
(14) J. MEIXNER: Zeits. f. Naturforsch., 1, 496 (1946). 
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known solution of the one problem the exact solution of the complementary 
problem can be indicated by exchanging © and §. 

The exact formulas (5a, b) and (6a, b) can he interpreted, in the sense of 
HUYGHENS, as a covering of the boundary surface with electric and magnetic 
dipoles, respectively. Accord- 
ing to this conception, the 
two approximation methods 
which we have just sketched 
can be formulated as follows: 
Tf one attempts to approx- 
imate the electromagnetic 
wave diffracted by an aperture 
or by a dise through a uniform 
distribution of sources on the 
diffracting surface, electric 
dipoles are more suitable in 
the case of the aperture, 
whereas in the case of the 
disc a covering with magnetic 
dipoles will be preferred. This 
is rather surprising at first 
sight since in the limiting case 
of small diffracting objects tbe 


Fig. 2. 
electric field strength in a circular aperture along 


— Relative amplitude square of the 


diffraction disc exactly repre- 


the diameter parallel to &° and D°. 


gents am electric dipole, and calculated rigorously, d = 3,18 4 
the small. aperture in the (ANDREJEWSKI) 
screen a magnetic dipole. Ho- == ~~~~~— measurements, d= 3h 

(ANDREWS). 


-wever, our approximate solu- 


tions relate to the fact that 
the linear dimensions of the diffracting surface are greater than the wave 
length, and this is decisive for the choice of the approximate values in (6a, db). 


In the following figures some particularly instructive results are shown, 
all of which relate to the special case of the diffraction by the circular aper- 
ture in the conducting screen or by the conducting circular disc and to a plane 
electromagnetic wave of normal incidence. They confirm the above conside- 
rations, demonstrate an astonishing accuracy of the approximation method 
and thereby offer some criteria for the approximate treatment of diffraction 
problems which cannot be solved by exact calculation. Fig. 2 shows the 
pattern of the square of the electric field strength in the circular aperture, 
and ANDREJEWSKI’s (4) exact calcuiation is compared with ANDREWS’ (15) 
measuring results. The agreement is remarkable considering that the results 
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of the calculation relate to a diameter d = 3,18 A, and the measurements to 
d = 34, and that the ideally plane incident wave of the theory can only be 
obtained approximately in the experiment. Therefore this comparison proves 
that the exact solution and the experimental results can be used with the 
same right for checking the 
approximate solutions as to 
their agreement with the 
experience. You see in fig. 3 
the amplitude square of the 
26 electric or magnetic field 
strength relative to that of 
the incident wave at the 
center of a circular aperture 
and at the center before and 
behind a circular dise, re- 
spectively, as a function of 
their diameter (515). It can 
clearly be seen that in the 
case of the aperture, the 
covering with electric dipoles 
gives the better approxim- 
ation, and in the case of 
the disc, it is the covering 
with magnetic dipoles, and 
Fig. 3. — Relative amplitude square of the electric that this holds good, at 
or magnetic field strength at the center of the 


; : : least qualitatively, even for 
circular aperture or the circular disc as a funce- gare 2. W t 
tion of diameter over wavelength. small values d/%. nee 


__—’calculated rigorously (ANDREJEWsKr) the same impression from 
—_----- electric dipoles —-—:— magnetic dipoles figures 4 and 5, in which the 
o measurements. field pattern calculated on 

the central normal behind a 

circular aperture and before a circular dise, respectively, according to both 
approximation methods is compared with corresponding measurements (13: 15 16), 
The structure of the near field is decisive fer the pattern of the distant 
field. SCHOCH (17) pointed out in the case of Sommerfeld’s scalar formulas 
that the amplitude distribution in the screen plane and in the distant field 
follow from each other by Fourier transformation. The solutions which well 


arcular aperture 


H. SEVERIN: Zeits. f. Naturforsch., 1, 487 (1946). 
(1°) H. SEVERIN: Zeits. angew. Phys., 2, 499 (1950). 
A. Scuoon: Ergebn. d. exakten Naturwiss., 23, 127 (1950). 
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approximate the near field can therefore be expected to provide useful results 
even for the distant field. In fact the exact radiation characteristics (9) shown 
in fig. 6 are also well approximated by the integrals (6a, b): in particular, 
exactly the same numerical value is obtained for the intensity in the direction 
of the maximum radiation. For large values of 3 the discrepancies are greatest; 
this is understandable, be- 
cause in this case one 
comes near to that part 
of the screen plane on 
which wrong boundary 


values have been assumed 
in the approximate solu- 
tion. For smaller d/A va- 
lues the good agreement 
is lost, and the impor- 
tance of the exact calcu- 
lation lies in the deter- 
mination of the limit up 
to which the approxi- (£)° 
mation can be used with i 
success. However, the li- 
near dimensions of surface TAL 
beam aerial systems are dr IE E OTO a 12gn:3 di MI 
always a multiple of the 


eX 
Fig. 4. — Relative amplitude square of the electric 
wave length; moreover, field strength on the central normal behind circular 
as according to the expe- apertures of the diameter d = 24, 44, 64, 84. 

riences of the exact cal- electric dipoles, --——— magnetic dipoles 
culation the influence of e} measuring points (* ANDREWS, © SEVERIN). 
polarisation in the dia- 

grams of the radiated intensity is largely lost, Kirchhoff's scalar formula also 
has shown good results in a series of former investigations with various shapes 
of aerials. 

To sum up the following simple and plausible rule can be given for the 
use of the two formulas of the electromagnetic boundary value problem as 
regard their choice for the approximate calculation of the diffraction wave 
at plane screens: With not too small diffracting surfaces — linear dimensions 
from about two or three wavelengths upwards — always start from the known 
field on the diffracting surface, that is to say use the formula which permits 
the caleulation of the field from this boundary value. At the perfectly con- 
ducting disc the tangential component of the electric field strength (60) is 
known, and in the aperture of a perfectly conducting screen the tangential 
component of the magnetic field strength (6a) is known. 
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In another experimental investigation (1%) the diffraction patterns before 
metallic dises are compared with those before various dielectric discs of the 
Same shape. Fig. 7 shows the pattern of the relative amplitude square of 
the electric field strength as measured before a circular metal disc (a) of the 
diameter d = 4A or before 
a trolitul disc (b) of the 
same size, of the  thick- 
ness 0,72cm and of the 
dielectric constant e = 2,4. 
In fig 7¢ the amplitude pat- 
tern of the two diffracted 
waves obtained after split- 
ting off the incident wave is 
marked by « o ». If we draw 
an even curve through the 
measuring points of a metal 
dise and multiply it by a 
suitable constant factor, we 
obtain a curve which well 
agrees with the amplitude 
pattern of the diffraction 
wave at the trolitul disc. 
The same result was obtain- 


Fig. 5. — Relative amplitude square of the electric ed at a series of circular 
field strength on the central normal before cir- and square discs of varying 
cular discs of diameter d = 2A, 34. 


reflection, so that the diffr- 
action waves for discs of 
equal shape differ from those 
of the corresponding metal 
«disc only by a factor which is independent from the coordinates of the 
observation point. This «reflection factor » proves to be identical with tbe 
one that can be calculated from the material constants and the plate thick- 
ness for infinitely extensive plates. In fig. 8 values of the reflection factor 
thus measured and calculated are compared. The good agreement of these 
values has two important consequences. Firstly it is possible even with discs 
‘of finite extension to speak of a «reflection coefficient » as defined in optics 
and to measure it even with wavelengths of the linear dimensions of the re- 
flector. Secondly the approximation method indicated for metal diffraction 
-discs is applicable in the same way for discs with any reflection properties. 


magnetic dipoles o electric dipoles 
° measuring points. 


(8) H. SevERIN and W. v. BAECKMANN: Zeits. angew. Phys., 3, 22 (1951). 
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As Kirchhoff’s theory constitutes a relatively simple and rapid method 
for the approximate treatment of diffraction problems, investigations have 


been made in a series of 
theoretical and experimen- 
tal papers to find out 
under what conditions this 


Fig. 6. — Relative intensity 
of the diffracted wave in the 
distant field of a perfectly con- 
ducting circular disc (diameter 
d = 3,184) as a function of 
direction of radiation &; pat- 
tern in the plane of © and 
9°, calculated rigorously by 
ANDREJEWSKI. 


theory furnishes useful results. 


è. 0° 


wo” 


It was to be expected that with decreasing 


wavelength a better approximation of the true values would be achieved; 
but it was necessary first to ascertain by comparison with the exact 


25 - Supplemento al Nuovo Cimento. 


calculation or witb  corre- 
sponding measurements, from 
which wavelength good agree- 
ment could be obtained. 
From all the papers under 
discussion dealing with dif 
fraction of electromagnetic 
waves by circular apertures 


Fig. 7. — Relative amplitude 
square of the electric field strength 
measured on the central normal 
before: a) a circular metal dise 
of diameter d = 4A; b) a trolitul 
disc of the same size, reflection 
factor r = 0,28; c) Amplitude 
pattern of the diffracted wave, 
calculated (0) from a) and bd). 
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and discs it appears that suitable approximation methods give results of suf- 
ficient accuracy for the practice if the diameter is greater than 2 to 3 wave- 
lengths. 
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Fig. 8. — Argument and modulus of the reflection factor as a function of the thickness 

of material: a) Trolitul « = 2,4; 6) Igelit « = 2,74; c) Pertinax e = 4,5; calculated: 

without losses, ————— with losses (tg 6 = 0,1). Measurements: circular discs. 
of diameter d = 27 (.), d= 4A (4), square discs, a = 2,54 (0). 


INTERVENTI E DISCUSSIONI 


— I. W. PErRRy: 


As the use of Kirchhoff’s formula results in a farly good approximation, would 
it be possible to represent the more exact theory in a manner similar to that followed 
in geometrical optics, by treating the Kirchhoff theory as a first, basic approximation, 
and developing the departure from this vectorially, as variations or aberrations from 
the simple Kirchhoff theory. This would have the advantage of enabling existing re- 
sults, already obtained on the basis of that theory to be utilised and corrected in 
accordance with the extended theory and possibly result in some convenient appro- 
ximations for general use. 


— H. SEVERIN: 


Eine exakte Darstellung des Feldes in der von Ihnen vorgeschlagenen Form ist. 
mòoglich, wie die Formeln yon KorTLER in ihrer urspriinglichen Schreibweise zeigen: 
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Dort erscheint als erster Term das bekannte Kirchhoffsche Flichenintegral, wobei anstelle 
von « und du/én jetzt E und dC /dn bzw. 5 und 09/0» stehen. Den zweiten Term bilden 
zwei Linienintegrale iber den Rand der beugenden Fliche, die die Divergenzfreiheit 
der Lésung sicherstellen. Beim Weglassen dieser Integrale wirde die von Ihnen vor- 
geschlagene erste Niherung eine Losung der Wellengleichung, nicht aber der Max- 
wellschen Gleichungen sein. Die Anwendung der Kottlerschen Darstellung bietet 
keinerlei Vorzug, im Gegenteil ergibt sich gegeniber der neueren Schreibweise die 
Schwierigkeit, daB man alle sechs Feldkomponenten auf der bevgenden Fliche vorgeben 
mu, und dat man neben den Flichenintegralen auch noch die Linienintegrale aus- 
zuwerten hat. 

Es darf in diesem Zusammenhang vielleicht noch erwihnt werden, daf die ursprùng- 
liche Kirchhoffsche Formel wegen ihres skalaren Charakters auf die Behandlung akusti- 
scher Probleme zugeschnitten ist. Ihr Anwendungsbereich fir Nah- und Fernfeld, 
wiederum fiir den Fall, da® die linearen Dimensionen des beugenden Hindernisses von 
der GréSenordnung der Wellenlinge sind, ist in einer Reihe von Arbeiten untersucht 
worden (MrIxNER u. Mitarbeiter, LEVINE, SCHWINGER, SEVERIN und STARKE, U.a.). 

Wegen einer zweiten und hoheren Naherung méchte ich Sie auf eine Arbeit von 
FRANZ in der Zeitschrift fiir Physik (1949) verweisen; Franz hat fiir das akustische und 
optische Beugungsproblem ein Naherungsverfahren angegeben, bei dem die Kirchhoffsche 
Beugungstheorie als erste Niherung erscheint. 


CEMAMONS VANS BE 


Sie sprachen von dem Feld hinter einer Ofinung; kann man auch eine Aussage ma- 
chen ber das Feld vor dem Schirm? 


— H. SEVERIN: 

Das Beugungsfeld allein, das nach Abspaltung der einfallenden, ebenen Welle 
iibrigbleibt, ist symmetrisch zur Schirmebene; d.h. wenn das Feld hinter der Offnung 
erst bekannt ist, kann es vor der Offnung durch Uberlagerung der einfallenden Welle 
unschwer angegeben werden. 


— F. J. ZUCKER: 


The subject of the electromagnetie field distribution in and near the aperture is 
being investigated by a number of people at present, including in particular also the 
group under Prof. WoontoN at McGill University in Canada. I found one point of 
Dr. SEVERIN’s paper especially exciting: his report on Dr. ANDREJEWSKI's theoretical 
work, which gives us the rigorous field values in the aperture itself. As far as I know, 
this represents the very first time that the aperture fields have been calculated nume- 
rically, and it is pleasant to hear that the theoretical results check the experiments 
of ANDREWS and of Dr. Severin himself. 

It will be interesting to compare these theoretical data also with experiments re- 
cently conducted by Dr. Borts at McGill University, but I suppose the results will 
be equally fortunate. 

To appreciate the importance of this work, it might be well to look at what the 
situation has been to date: none of the rigorous theories, such as the Meixner 
separation-of-variables method, or the Copson-Silver integral equations, had given us 
the fields in the aperture itself. We only had ANDREWS’ own ad hoc equations based on 
the idea of radiating edges. These equations fitted his experimental results, and they 
even satisfy the important continuity requirements on the tangential component of H 
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and the normal derivative of E. Nevertheless, the Andrews equations could not be 
correct in the final analysis, a) because they lead to unlikely results for large apertures 
and b) they are incompatible with the Copson-Silver integral equations . These latter 
require a non-radiating singularity at the edges (conditions of quadratic integrability ; 
cf. the work of MEIXNER and BouwKamp), and the Andrews equations violate this 
condition on both counts, i.e. the fields at the edge have no singularity and they 
radiate (1). 

It is ANDREJEWSKI’s merit to have continued Meixner’s separation-of-variables 
method to the point where he could actually compute the aperture fields. This means, 
as far as I can see, that we now have the first theory which both explains the expe- 
rimental results and also satisfies the rigorous electromagnetic conditions. 


.— H. SEVERIN: 


Die genannten Figuren sind bis jetzt unveròffentlicht. Sie stammen aus der Dissert- 
ation von W. ANDREJEWSKI, Aachen 1952. 

Herr Prof. MEIXNER, Aachen, war so freundlich, mir diese Bilder fiir die Tagung 
in Mailand zur Verfiigung zu stellen, 


— G. ToraLDOo DI FRANCIA: 


If I remember well the formulas for the plane screen, involving only the tangential 
part of the electric or of the magnetic field, were revived by LUNEBERG in 1944 and 
were used in recent times by LEVIN and ScHwINGER, Copson, Mixes, and all the people 
working with the integral equations for the determination of the aperture field. Their 
importance was stressed in my two reports to the international Commission of Optics 
in 1948 and 1950. 

Do you think that your method of approximation is more powerful than the varia- 
tional method of Levin and SCHWINGER? 


— H. SEVERIN: 


1) Es tut mir leid, daB ich das Buch von LuNEBERG nicht kenne; auch Ihre 
beiden Berichte sind mir nicht bekannt. Es kann sein, da Levin, SCHWINGER ws. 
von ihnlichen Ausdricken starten, jedoch mit dem Ziel einer exakter Berechnung 
des Feldes. = 

Ich mbchte diese Fragen noch klaren und in einer zusatzlichen Mitteilung beim Druck 
der Vortràge niederlegen. Neu scheint mir auf jeden Fall die Anwendung der beiden 
von mir entwickelten Formeln zur naherungsweisen Berechnung von elektromagne- 
tischen Beugungsproblemen und die Feststellung welche der beiden Formeln in einem 
speziellen Fall zu verwenden ist und wie gut die dabei erzielte Ubereinstimmung mit 
der Erfahrung ist. 

2) Ich glaube, da8 ein solcher Vergleich nicht gut méglich ist. Die Variations- 
methode von Levin und ScawINGER kann als exakte Lésung angesprochen werden; 
allerdings beschranken sich die von Levin und ScHWINGER angegebenen Rechnungen 
bisher nur auf das Fernfeld und auf verhaltnismaBig kleine Werte d/A (Offnungsdurch- 
messer/Wellenlinge). 


— F. J. ZucKER : 


Variational methods yield accurate expressions for the far field, but they are inhe- 
rently incapable of giving the exact aperture distribution itself. The variational method 


(!) This situation is discussed in a recent McGill University thesis by R. BORTS. 
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implies that the far field is relatively insensitive to errors in the aperture, a first-order 
deviation from the true aperture field causing only second-order errors in the Fraun- 
hofer region. In particular, there is no compelling reason to use an oscillatory trial 
function with the variational method, so that an actual correspondence between the 


aperture values and the experimental Andrews ripples would be a rather fortuitous 
affair. 


— A. MARECHAL: 


Avec quelle précision peut-on admettre que l’appareil de mesure ne perturbe pas 
le champ électromagnétique? 


— H. SEVERIN: 


Eine Abschitzung dieses Finflusses ist nicht ganz einfach. Wir haben als MeBsonde 
einen Dipol verwendet, dessen Lange so dimensioniert war, daf eine weitere Verk- 
leinerung keine Anderung der Mefergebnisse mehr brachte. Damit war zundchst nur 
sichergestellt, daB der Empfinger nicht einen integralen Wert des stark gegliederten 
Interferenzfeldes anzeigte. Wir haben dann bei dieser Dipollinge mit sehr verschie- 
denen Empfingertypen gearbeitet und konnten keine Abweichungen in den Me8- 
resultaten feststellen; wir schlossen daraus, da die Rickwirkung unserer Sonden auf 
das ungestérte Feld sehr klein war und in der Mefgenauigkeit unterging. Der mittlere 
relative Fehler unserer Messungen betrug + 3%. 


— H. SEVERIN: 

(Nachtrag zur Antwort an G. Toraldo di Francia). 

In dem von Herrn Prof. ToRALDO genannten, in westdeutschen Bibliotheken bisher 
leider nicht vorhandenen Werk LuNEBERG'S (1°) werden die Randwertformeln fir das 
elektromagnetische Randwertproblem tatsachlich erwihnt, allerdings nur fir den Spezial- 
fall der unendlichen ebenen Randfliche. Die Herleitung gelingt dann ohne die Ein- 
fihrung Greenscher Tensoren, worauf ich auch in meiner weitergehenden, weil fir 
beliebige gekrùmmte Flichen geltende Darstellung ausfuùhrlich hingewiesen habe (Lite- 
raturzitat 11: § 3. Die vektoriellen Formeln in ihrer neuen Form, zunichst’ fir den 
Spezialfall der Ebene). Der Gedankengang bei LUNEBERG ist allerdings ein vollig 
anderer: den Ausgangspunkt bildet die Randwertformel fir das skalare Problem, 
mit der sich aus zwei auf der ebenen Randfliche vorgebbaren Komponenten des elek- 
trischen Feldes die entsprechenden Komponenten im Raum angeben lassen. Die dritte 
Feldkomponente wird so bestimmt, daf die Bedingung der Divergenzfreiheit im ganzen 
Raum erfillt ist. Die auf diese Weise erhaltenen Formeln sind identisch mit den oben 
angegebenen Ausdriicken (6a) bzw (6b). Einen Hinweis in der Literatur auf die 
Luneberg’schen Uberlegungen fand ich nur in zwei, mir bis dahin nicht bekannten 
Berichten von ToraLDO (2%21) wihrend eine ganze Reihe anderer Autoren, die das 
elektromagnetische Beugungsproblem nach einer Integralgleichungsmethode behandeln, 
also z.B. BouwKAMP, Corson, Franz, MAvE, MILES, Levine und SCHWINGER, mit 


(3°) R. K. LUNEBERG: Mathematical theory of optics (Providence, 1944). 
(3°) G. ToRALDO DI FRANCIA: Rev. Opt. Theor. Instr., 28, 597 (1949). 
(2) G. TORALDO DI FRANCIA: Nuovo Cimento, 6, 967 (1950). 
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andere Ausdriicken starten. Eine Anwendung der Randwertformeln zur nahe- 
rungsweisen Berechnung von elektromagnetischen Beugungsproblemen, insbeson- 
dere eine Diskussion der in diesem Fall aus (6a) und (6b) sich ergebenden verschiedenen 
Losungen habe ich in der Literatur nicht gefunden. Darauf lag jedoch das Haupt- 
gewicht meines Berichtes, nimlich zu zeigen, wie die Randwertformeln in geigneter 
Weise auf praktische Fille angewendet werden kénnen. 


AUTHORS ADDITION AFTER THE CONFERENCE 


In reporting on the diffraction phenomena of centimeter waves and the appro- 
ximation methods for their computation a comparison of the diffraction of electro- 
magnetic waves by thin conducting screens with the diffraction of sound waves by 
thin rigid screens seems to be interesting and worth-while. With air borne sound the 
centimeter waves still lie within the audible range, and the loudspeakers with and 
without baffles constitute radiating surfaces, from which follows the practical impor- 
tance of acoustic diffraction investigations. Mathematically sound propagation is 
described by a scalar wave function so that, apart from numerous experimental in- 
vestigations, even a series of exact solutions with numerical results are obtained because 
of the simpler mathematical formalism. While the scalar acoustic diffraction problem 
and the vectorial electromagnetic diffraction problem are altogether different from 
the standpoint of an exact mathematical treatment, the diffraction phenomena ob- 
served at boundary surfaces of equal shape are often very similar. This state of affairs 
is shown also in the approximation methods for whose construction and application 
the same points of view apply both in the scalar and in the vectorial case. The starting 
point for the approximate calculation of acoustic diffraction by plane screens is not 
the scalar formula of KircuHorr (1), but are the already mentioned formulas of 
SOMMERFELD (19) 


(7a) 2nu(P) = — i| u(Q) = a dj, 
(7b) 2ru®(P) | / -, au = I dfo + 


These formulas permit the exact calculation of the field if the sound pressure w or 
the normal velocity du/0n are known on the entire screen plane: with their appro- 
ximate application Kirchhoff’s assumptions are possible in a mathematically correct 
way. As the formulas (7a) and (7b) then have an altogether different approximation 
value, their range of application must again be determined by comparison with expe- 
rience. In complete analogy to the electromagnetic diffraction problem the acoustic 
diffraction phenomena at plane screens can be calculated with good approximation 
from the formula which exactly gives the field quantity known on the diffracting 
surface. In an aperture in the rigid screen the sound pressure can be accurately indi- 
cated, so that according to (7a) the diffracted wave in the: first approximation derives 
from a uniform covering of the aperture with dipoles; at the rigid dise the normal 
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velocity is known, and the diffracted wave is obtained according to (7b) in the first 
approximation from a uniform covering of the disc with spherical sources. 
The following illustrations will show the good quality of the approximate solutions, 
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Fig. 9. — Relative amplitude of sound pressure in a circular aperture (diameter d = 24, 3A, 4A, 6A) 
along a diameter. ————— dipoles, ---—~— spherical sources (STENZEL, d = 1,924 3,18% 6,364), 
o measuring points. 
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Fig. 10. — Relative amplitude of sound pressure on the central normal behind circular apertures of 
the diameter d = 2A, 3A, 44. —— dipoles, -—~—— spherical sources, measuring points. 


again by means of the example of the circular aperture and the circular disc on which 
a plane sound wave is incident normally (*). In fig. 9 the sound pressure pattern. (??) 
measured in the diaphragm plane for various aperture diameters is compared with 
the one calculated from both approximations. Remarkable is the rapid decrease of 


(*) A comprehensive compilation with many literature references is foundina report by A. SCHOCH (22)- 
(2) H. SEVERIN and CL. STARKE: Akustische Beihefte, Heft 2, 59 (1952). 
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the pressure behind the aperture with increasing distance from the screen edge, which 
makes it easy to understand the great efficiency of Kirchhoff’s approximation; for 
with an exact evaluation of the integral (7a) the screen surface furnishes a relatively 


Fig. 11. — Relative amplitude of sound pressure before and behind a rigid circular disc (diameter 
d = 3,184) along a diameter. —— calculated rigorously by MEIXNER and FRITZE, ————— sphe- 
rical sources, —*—-—‘— dipoles, © measuring points. 


Fig. 12. — Relative amplitude of sound pressure of the diffracted wave before rigid circular discs of ,va- 

rious diameters d along a radius (on the left hand) and on the central normal (on the right hand); 

d= 0,08 A, 1,27 A, 1,91 A 3,18 A. ————— calculated rigorously by MEIXNER and FRITZE, — — — — sphe- 
rical sources (STENZEL). 


small contribution, negligible already for moderately large d/A values. Fig. 10 shows. 
the pressure pattern on the central normal behind the circular aperture and the expected 
good agreement between the measurement and the approximate solution resulting 
from the assumption of a covering of the aperture surface with dipoles. In the case 
of the rigid disc the diffraction field remaining after splitting off the incident wave 
has a physical reality. It is identical with the radiation field of the freely vi- 
brating piston membrane which is of the same shape as the disc; the corre- 
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Fig. 13. — Curves of equal relative sound pressure of the diffracted wave in the neighbourhood of a 
rigid circular disc (diameter d = 0,08 A, 1,27 A, 3,18 A). Left figure: calculated rigorously by MEIXNER 
and Frirze; right figure: Kirchhoff°s approximation, spherical sources (STENZEL). 


= 


stami 
70° 80° 90° 


+ — 


ra ri — icons SS, 
o 10° 20° 30° %W° 50° 60° 70° 60° 90° 
» 


essure of the diffracted wave in the distant field of a rigid 
n a rigid screen (on the right hand) as a 
a = 0,36 A, 0,64 A, 0,96 A, 1,27 A, 1,59 A). 
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sponding Kirchhoff approximation resulting from the assumption of a covering of 
the disc surface with spherical sources is at the same time the exact solution of the 
problem of the piston membrane vibrating in a rigid sereen. Fig. 11 shows the pressure 
pattern immediately before and behind a circular disc of the diameter d = 3,18 7, 
exactly calculated, measured and ascertained according to both approximation me- 
thods (22:23). In fig. 12, the exactly calculated (?%) pressure pattern (full curves) of the 
diffraction wave alone is compared, on the surface and along the central normal, with 
the corresponding Kirchhoff approximation (2425) (dashed lines). An instructive ge- 
neral survey is offered by fig. 13, in which, for dises of various diameters, curves of 
equal pressure are represented in a plane through the middle normal (the numbers 
at the curves indicate the values p'/pg); in the left half of each picture the exact dif- 
_ fraction field (8) is shown, and in the right half the one calculated according to Kirch- 
hoff’s approximation (?4). On the whole a surprising agreement of both fields is re- 
vealed already for the moderately large d/A values. The discrepancy with small d/A 
values arises from the fact that for d/A versus 0 the diffraction field of the disc changes 
into a dipole field while that of the aperture becomes spherical. Finally, fig. 14 shows 
the angle distribution of the pressure amplitude of the diffraction wave in the distant 
field of the disc (25) and the aperture (2°); the comparison with the corresponding 
Kirchhoff approximations (dashed lines) shows that there is good agreement in the 
distant field also. Exactly as with the electromagnetic problem, discrepancies are 
noticeable for larger angles 4, as, in coming nearer to the screen plane outside the 
diffracting surface the wrong boundary values assumed in the approximate solutions 
have the greatest effect there. 


(28) J. MEIXNER and U. FRITZE: Zeits. angew. Phys., 1, 535 (1949). 

(*4) H. STENZEL: Leitfaden zur Berechnung von Schalluorgiingen (Berlin, 1939). 
(25) H. STENZEL: Ann. der Phys. (5), 41, 245 (1942). 

(25) A. LEITENR: Journ. Acoust. Soc. Am., 21, 331 (1949). 

(*’) R. D. SPENCE: Journ. Acoust. Soc. Am., 21, 98 (1949). 
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Diffraction of Microwaves by Apertures and Obstacles (*). 


S. SILVER 


Division of Electrical Engineering. University of California - Berkeley, California 


The development of measurement techniques for the microwave region has 
opened up possibilities of investigating many optical phenomena which here- 
tofore were beyond the reach of experimental methods. In fact, the present 
situation is such that the microwave region, in many respects, is more suited 
to the study of physical optics than the optical region. The new techniques 
make it possible to obtain more detailed experimental data on the phenomena 
of scattering and diffraction and as a result to make a more critical evaluation 
of theories concerning these phenomena. It is in this connection that the 
problem of diffraction by an aperture in an infinite metal screen has been the 
subject of much experimental work in the microwave region. The problem 
is also of great practical importance, for the basic phenomena which are in- 
volved are common to a wide variety of microwave antennas. 

For the purposes of the present symposium it seems preferable to develop a 
perspective on the diffraction problem as to its nature and present status rather 
than attempt to give a comprehensive review of the extensive work which has 
been done in the past few years or enter into a detailed exposition of any one of 
the theoretical aspects of the problem. The discussion will be presented 
against the background of work which has been done by Dr. EBRLICH, Mr. 
Hetp and myself (1) at the University of California, and will center on the 
particular problem of the diffraction of a plane electromagnetic wave by a 
circular aperture in an infinite metal screen, the plane wave being incident 
normally on the screen. 

Insofar as the far-zone field is concerned, both the theoretical and expe- 


(*) This work was supported by the Office of Naval Research. 

(1) The experimental results presented in this paper are taken from M. J. EHRLICH: 
Diffraction of Plane Electromagnetic Waves by a Circular Aperture and Complementary 
Obstacles, Ph. D. Thesis, Univ. of California, 1951. This work is now appearing in a 
series of reports from the Antenna Laboratory. 
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rimental aspects of the problem are in a satisfactory state and one may say 
that the essential features are quite well understood. LEVINE and SCHWINGER (2) 
have established the variational properties of the far-zone field, that is, the 
evaluation of the differential cross-section of the aperture viewed as a scat- 
tering element is insensitive to the deviation of assumed field distributions over 
the aperture from the true distribution. It does in fact turn out that the 
far-zone field has a stationary property with respect to rather large errors. 
in assumed aperture distributions. 

The main problem at present exists with respect to the near-zone field. 
The analysis of this region and also the experimental investigation thereof 
‘presents many difficulties and despite the extensive work which has been done 
already it still requires further study. This is particularly true on the theoretical 
side for the cases when the diameter of the aperture exceeds one wavelength. 
The numerical work that is required with present theory is prohibitive and 
the sensitivity of such computations is such that serious errors are almost: 
bound to arise. There is yet to be had a good formulation of the near-zone: 
problem in an analytical form for which the computations can be made in a 
reasonable manner. The present theoretical developments also suffer from 
the defect that one cannot make an estimate of the errors associated with 
the approximations entering into the theory. The case of the aperture whose 
diameter is small compared with the wavelength is now in a very satisfactory 
state, thanks to the work of BoUWKAmpP (3) and MEIXNER and his co-workers (*)- 
We shall refer to this again later in relation to our experimental results. 

The most important part of the near-zone field is that in the aperture itself. 
As is well known, in connection with many approximate theories, it is assumed 
that the tangential electric field in the aperture is the same, or very closely 
the same, as that of the unperturbed plane wave. However, in a very careful 
and detailed experimental study ANDREWS (5) found that the electric field 
distribution actually is greatly different from that assumed simple form. He 
found over a range of diameter dimensions from one to six wavelengths that: 
in the aperture itself there is a characteristic diffraction pattern for the tan- 
gential electric field. The maximum amplitude of the variation approaches: 
twice the unperturbed plane wave level. We have substantiated these results 
and except for small details, due to differences in experimental technique, our 
data are quantitatively in excellent agreement (Fig. 1) with those of ANDREWS. 
In view of these features of the tangential electric field components it isimportant 
to extend the measurements to larger apertures in order to determine the: 


(2) H. Levine and J. SCHWINGER: Comm. Pure and Applied Math., 3, 355 (1950).. 
(8) C. J. BouwkamP: Philips Res. Reports, 5, 401 (1950). 

(4) J. MEIXNER and W. ANDREJEWSKI: Ann. d. Phys., 7, 157 (1950). 

(9) C. L. ANDREWS, Phys. Rev., 71, 777 (1947); Journ. Appl. Phys., 21, 761 (1950). 
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extent to which the diffraction cha- 
racteristics are maintained. One might 
suppose that with increasing diame- 
ter the electric field distribution in 
the aperture will asymptotically ap- 
proach an essentially uniform value at 
the unperturbed incident wave level 
except for a small region of fluctuation 
in intensity in the neighborhood of the 
boundary of the aperture. To date we 
have extended the measurements to an 
aperture diameter of about 35 wave- 
lengths, and have found that the oscil- 
latory character of the field persists 
over the entire aperture area. The tan- 
ential electric field distribution in the 
aperture (Fig. 2) thus seems to have the 
characteristics of a two-dimensional 
standing wave pattern which is intrin- 
sically associated with the aperture. 

The tangential magnetic field in 


r/A, distance from the center of the 
aperture. 
Inf ils Tangential Electric Field in 
the Aperture. 


the aperture has a decidedly different behaviour. It is easily shown, from 
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Fig. 2. — Tangential Electric Field in 


the Aperture. 


a simple consideration of the symmetry 
properties of the field on either side of the 
metal screen and the electromagnetic 
boundary conditions that the tangential 
magnetic field in the aperture is the same 
as that of the unperturbed plane wave. 
In the case of normal incidence, therefore, 
the tangential magnetic field is constant 
over the aperture. This property is 
beautifully verified by our experimental 
results which are shown in Fig. 3. We 
have also found that in the neighborhood 
of the aperture, the magnetic and electric 
fields have a rather complicated phase re- 
lationship with respect to one another 
in addition to their differing widely in 
amplitude and structure. These features 
are associated with the energy stored in 
the neighbourhood of the aperture. It is 
worth noting that one may regard the 
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aperture from a network point of view as a transducer between the simple tran- 
smission line modes represented by the incident and reflected plane waves and 
waves which represent the diffraction field. The stored energy in this repre- 
the system of spherical sentation is as- 
sociated with the reactive elements which 
constitute the transducer network. 

In addition to the distribution of 
the tangential components of electric 
and magnetic field over the aperture, the 
detailed behaviour at the edge of the 
aperture is of importance to the near- 
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Fig. 3. — Tangential Magnetic Field 

in the Plane of the Aperture (meas- 

ured at a distance of 1 mm behind 
the aperture plane). 
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sults with respect to this feature of 
the problem are as yet far from satis- 
factory. Insofar as the component 
of the electric field which is tangential 


disc. 
Fig. 4.—Tangential Electric and Mag- 
netic Field Components in the Dif- 
fraction Field of a Circular Dise in 
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to the boundary of the aperture is con- pees ecard Bee 


cerned, we do observe the required 

behaviour, namely, it goes to zero at the boundary. With respect to the 
component which is normal to the aperture edge, that is, the radial 
component of the field we are, as yet, unable to resolve its behaviour. This is 
one of the points which should receive further experimental study for 
as we have already mentioned, the contribution of the charges of the aperture 
boundary to the field is an important part of the near-zone field structure. 
It is inconsequential insofar as the far-zone is concerned since the charge distri- 
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bution does not contribute to the radiation field and thus does not enter into 
an evaluation of the differential cross section. Figs. 1 to 6 show some of our 
experimental results for the tangential components. In several cases the 
measurements had to be made at a short distance in front of the aperture 
rather than in the plane of the aperture itself. All the patterns shown are 
along the particular diameter which is perpendicular to the electric vector of 


Li 
[6,+(£)2H,|/ || 


7/4; distance from the axis. 


Fig. 5. — The Electromagnetic Babinet Principle: H, is the electric vector in the 

diffraction field of the aperture; H, is the magnetic vector in the diffraction field of 

the complementary obstacle, with the polarization of the incident wave rotated 

through 90°; then, E,+ (u/e)/? H, = E;. Data were taken in a plane parallel to the 
aperture at a distance of one wavelength. 


the incident wave. These are the so-called H-plane patterns. In this plane 
the tangential electric field should vanish at the edge inasmuch as the component 
is itself tangential to the aperture boundary. It will be observed in all the 
electric field patterns that the intensity does indeed drop off sharply at the edge. 

It will be observed also that in the case when the aperture diameter is an 
integral number of wavelengths the number of maxima in the electric field 
pattern is equal to the diameter. It was pointed out by ANDREWS that this 
relationship with aperture diameter can be interpreted in terms of the ordinary 
Fresnel-zone concepts with which we are familiar in physical optics. He showed, 
in fact, that most of the features of the near-zone pattern of the tangential 
electric field components can be accounted for semi-quantitatively by Fresnel- 
zone concepts and the well known scalar Kirchhoff diffraction theory. We 
have here the peculiar situation of a theory based on completely impossible 
boundary conditions, which at best can be justified intuitively only for very 
large apertures, working quite well outside its reasonable range of validity 
and even being able to develop a fair representation of the correct boundary 
conditions when its results are carried into the aperture itself. 


406 S. SILVER 


Fig. 3 shows the distribution of the tangential magnetic field in the aper- 
ture. The distribution exhibits the uniform behaviour predicted by the boundary 
conditions. The deviation from constancy in the case of the one wavelength 
diameter is due to the finite dimensions 
of the magnetic field probe and the 
consequent limitation of its resolving 
power and interactions between the 
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but also the very rapid change which 
takes place at the edge of the aperture. 
It will be observed that even in the 
case of the one wavelength aperture 
the magnetic field intensity falls to 
a negligible amplitude very rapidly 
Fi 06 ues) lTanisen Heal Seis oars outside pre aperture values. The cor- 
«Component in a Plane Parallel to the responding results for the case of the 
Aperture at a Distance of 0,25 7; complementary obstacle are shown in 
Diameter of the Aperture = 0,5 2. The Fig. 4. Here one also sees the distri- 
Experimental Results. are Compared bution of magnetic field and, hence, 
with -omall) Hele “Theory. of the current over the shadow side 

of the obstacle. Attention should be 

drawn to the small maxima at the center of the disc. This will bring to 
mind the diffraction field of a circular obstacle observed in the optical region. 

With respect to the measurement technique, reference should be made 
to the problem of interactions between the probe and the screen. These 
interactions do give rise to serious errors in some cases, in particular, where 
the measurements involve the field at the edge of the aperture. The interactions 
also give rise to fine structure in the pattern. A first order correction for the 
interaction can be made by reversing the field relationships and measuring 
the impedance of the probe as a transmitting device as a function of position 
with respect to the screen. The details of the method are given in EHRLICH'S 
thesis (1). 

In the conventional high frequency approximations such as that of the 
scalar Kirchhoff theory, or its electromagnetic equivalent, it is customary to 
assume that the electric field in the aperture has the behaviour of the unper- 
turbed field or, alternatively, one assumes that both the electric and magnetic 
fields in the aperture are that of the unperturbed field and are zero everywhere 
else over the metal screen. These boundary conditions are over-prescribed 


r/a 


‘r]à, distance from the axis of the 
aperture. 
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and cannot in fact define an electromagnetic problem, for there is also to be 
taken into account the radiation condition at infinity. This is perhaps the 
most serious objection to be raised against those theories. The behaviour of 
the tangential magnetic field which is observed experimentally suggests a more 
feasible type of theory based on approximate boundary conditions, but boundary 
conditions which do define an electromagnetic problem. The constancy of 
the tangential magnetic field in the aperture is a theoretically rigorous feature 
of the distribution. Since the magnetic field is observed to rapidly become 
negligible over the shadow region of the screen, a feasible approximation to 
the boundary conditions is that the magnetic field is zero over the shadow 
side of the screen. We then have a unique boundary value problem corre- 
sponding to an assigned value of tangential magnetic field over the entire 
infinite plane contained in the aperture and the radiation conditions at infinity. 
The solution to this boundary value problem can readily be obtained. This 
approximation to the tangential magnetic field boundary values for the case 
of the aperture, in the case of a complementary disc takes the form of an 
approximation concerning the current distribution over the disc in which the 
current is taken to be zero over the shadow side and is taken over the illuminated 
side to be that which would exist over the area if we had simple geometric 
reflection of the incident plane wave. 

It is found that this type of approximation does lead to improved results 
for the near-zone field over the Kirchhoff approximation for apertures down 
to one wavelength diameter. The differences between the field structure pre- 
dicted by the several theories rapidly disappear as the distance from the aperture 
increases, and insofar as the far-zone field is concerned, the several approximate 
developments all yeald the same result. This fact is, of course, related to the 
variational properties of the far-zone field. The far-zone field is basically the 
result of the mean distribution of the field in the aperture. i 

One of the important results arising from the rigorous treatment of the 
aperture and its complementary obstacle is that of the electromagnetic Babinet 
principle (°). This principle has found wide application in many waveguide 
problems and slot radiation problems. It was therefore of interest to verify 
the Babinet principle experimentally. The objective should rather be stated 
in converse form, namely verification of the principle serves as an index of 
the reliability of experimental data. The results of the experimental study 
are shown in Fig. 5. The amplitudes of E and H do not add directly as can 
be seen from the figure. However, it is the phase relationship between them 
which compensates for the discrepancy and leads to the indicated result. 

Before closing, there are several remarks to be made about the case of an 
aperture of diameter smaller than one wavelength. We have pointed out 


(6) H. G. Booker: Journ. I.E.E., 93, Pt. LILA, 620 (1946). 
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that the small hole theory has been brought to a satisfactory state by the 
work of BOUWKAMP and others in recent years. Their solutions make possible 
a complete evaluation of the near-zone field of apertures whose diameters are 
small compared to the wavelength. Insofar as the quantitative aspects of 
the small hole theory are concerned they should be applicable for diameters 
not exceeding 4/3. However, it will be observed from the data shown in our 
figures that the small hole theory has at least semiquantitative validity for 
apertures up to one wavelength diameter. This is certainly true with respect 
to the relative distribution in the field although the indications are that the 

absolute level of field intensity is not given correctly by the theory. While 
| the deviation between theory and measurement as regards absolute level does 
certainly exist, one cannot use the experimental results as a quantitative measure 
of the discrepancy, for the measurements in the neighborhood of small aper- 
tures are limited very seriously by interactions between the measuring probe 
and the screen. 

We have already indicated several aspects of the problem which call for 
further study. Much can be gained from studies on apertures of different 
shapes; in particular, it would be advantageous to have near-zone field patterns 
for rectangular apertures to study alongside those of the circular apertures. 
The theoretical problem itself has many interesting mathematical questions 
associated with it. Copson (*), has shown how the diffraction problem can 
be transformed into a set of integral or integro-differential equations of unusual 
type. The theory of such equations is itself an extensive subject and a very 
deep one. The ultimate that one would like to achieve theoretically, is an 
analytical formulation which would show very clearly the manner in which 
the field changes structure as the aperture dimensions change from those very 
small compared with the wavelength to those very large compared with the 
wavelength, and which would bring together in a consistent manner the several 
approximate high-frequency developments which are in current use. 


(7) E. T. Copson: Proc. Roy. Soc., A 186, 100 (1946). 
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Une optique correctrice pour les projecteurs d’onde U.H.F. (*) 


J. C. SIMON 


Département Recherches Générales de la Compagnie Générale 
de Telegraphie sans Fil - Paris. 


Les aériens en hyperfréquences comparés aux instruments d’optique. 


En radio ordinaire où la longueur d’onde est très grande il n’est pas pos- 
sible d’obtenir une directivité importante: nous sommes dans le domaine de 
la diffraction pure. En optique classique les phénomènes de diffraction liés a 
la longueur d’onde sont masqués par les propriétés directives. 

Quand nous appelons grande ou petite une longueur d’onde, c’est en la 
rapportant 4 notre échelle. L’interét des hyperfréquences dans l’étude des 
rayonnements est précisement de nous fournir des longueurs donde a notre 
échelle, nous mettant à méme d’étudier commodément à la fois les phénomènes 
de diffraction et de directivité. 

La possibilité d’avoir des faisceaux étroits s’obtient en effet dès que les 
dimensions des appareils sont de l’ordre de plusieurs longueurs d’onde, comme 
c'est aisément le cas pour les projecteurs d’ondes hyperfréquences. ’ 

Il est intéressant d’examiner combien la technique des aériens en hyper- 
fréquences se rapproche de l’optique instrumentale, et cela malgré la grande 
différence de dimensions entre les longueurs d’onde des deux domaines (un 
rapport de 105). Il nous arrivera de raisonner tantòt à l’émission tantòt a la 
réception mais nous savons que ces deux facons de voir aboutissent aux mémes 
conclusions en vertu du théorème de réciprocité. 

Un instrument d’optique est destiné 4 faire correspondre a un plan objet 
un plan image. Pour un instrument d’optique de vision éloignée on cherche 
à avoir une image du plan de l’infini. Cette image dans deux dimensions sera 
composée d’un grand nombre de taches de diffraction. On Vexamine soit a 
l’aide de Vceil soit d’une plaque photographique. 


(*) Cet article, extrait de l’Onde Electrique, 32, 181 (1952), contient l’essentiel de la 
communication du prof. Simon. Nous le publions avec la permission de l’ Auteur (N. d. BR). 
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Dans un aérien pour hyperfréquences envisagé à la réception on peut con- 
siderer que les choses se passent de maniére analogue, mais en général Vimage 
est beaucoup plus rudimentaire. De plus on ne dispose malheureusement pas 
de «lecteurs » aussi perfectionnés que lil ou un appareil photographique. 
On cherche à canaliser le flux d’énergie dans un guide d’onde. 

Il est possible en général de définir une grande pupille dans un aérien 
comme dans un instrument d’optique, dès que les dimensions sont assez grandes 
devant la longueur d’onde. A la réception, cette pupille est analogue a la 
pupille d’entrée, 4 l’émission, à la pupille de sortie d’un instrument d’optique. 
_C’est elle qui découpe en quelque sorte un flux d’énergie dans l’onde incidente. 
L’aérien comme l’instrument d’optique a pour ròle de concentrer ce flux 
d’énergie; la section minimum est obtenùe dans le plan image ou plan focal. 
C'est précisément dans ce plan ou au voisinage que nous placerons l’embou- 
chure du guide d’onde destiné 4 capter ce flux d’énergie. 

Prenons par exemple l’aérien classique constitué par un paraboloide de 
révolution assez grand devant la longueur d’onde 4 et examinons-le à la ré- 
ception. Nous savons par le calcul et l’expérience (1) qu’une onde incidente 
normale a l’axe du paraboloide est focalisée au voisinage du foyer géométrique F 
de ce dernier. La carte des champs dans l’espace peut se représenter par un 
volume de diffraction. Limité au premier minimum le volume a la forme d’un 
ellipsoide de révolution allongé dont le grand axe n’est autre que Ow (fig. 1). 
Soient D et d les mesures des axes de cet ellipsoide et 


h=1—cos. 


Le calcul (*) nous donne: 


2 
(1) D= 25, 
et 
À 6 
(2) d= = [a ar 


(1) J. Ortusr et J. C. Simon: Diffraction des paraboloides de révolution, in Annales 
de Radioélectricité, 5, 321 (1950). 

(*) Pour effectuer ce calcul (cf. (*)) nous supposons des sources élémentaires ré- 
parties sur le paraboloide telles que la composante suivant la surface du miroir du 
champ électrique total (champ des sources et de l’onde plane incidente polarisée) soit 
nul en tout point du miroir. Nous calculons le rayonnement de ces sources à l’aide des 
formules de Kottler, qui, nous le savons, donnent un champ rayonné satisfaisant aux 
équation de Maxwell. Ce type de raisonnement est justifié par l’accord étroit que nous 
avons constaté entre les résultats du calcul et les mesures expérimentales, pour des 
miroirs réflecteurs dont le diamètre de « pupille » est supérieur 4 dix longueurs d’onde. 
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Le volume de diffraction ne dépend pas des dimensions de l’aérien, mais seu- 
lement de la longueur d’onde et du rapport de l’ouverture. 

Si on examine la carte des champs dans différents plans normaux a 0%, 
on voit que c'est pour le plan équatorial de l’ellipsoide que se produit la con- 
centration maximum de champ au voisinage de l’axe. La majeure partie du 
flux d’énergie collectée sur l’onde incidente par la 
pupille d’entrée du paraboloide passe a l’intérieur 
du cercle équatorial. C'est, compte tenu de la dif- 
fraction, l’endroit où le flux d’énergie a la section 
minimum. Remarquons que le centre du cercle est 
le point ot le champ est maximum, par rapport aux 
points environnants. 

Une infinité de paraboloides d’axe Ox passent par 
AB, leurs foyers se déplacant sur Ow. Celui pour 
lequel le champs est maximum au centre du cercle 
équatorial et pour lequel le diamétre de ce cercle Fig. 1. 
est minimum a son foyer dans le plan de AB, (hz Whe 
Le maximum sur Vaxe correspond comme on peut sy attendre à une section 
minimum de flua. 

Nous avons donc capté comme dans un instrument d’optique un certain 
flux d’énergie dans l’onde incidente et ramené sa section & un minimum limité 
par les phénomènes de diffraction. Le plan de cette section minimum est l’ana- 
logue du plan focal d’un télescope, c'est le plan image du plan objet de l’infini. 

Le problème de la captation du flux d’énergie n’est pas encore résolu. C’est 
maintenant qu’intervient ce que nous appelons « l’antenne de lecture » et qui 
joue le ròle de la plaque photographique ou de ceil en optique classique. On 
désire en effet canaliser ce flux dans une ligne de transmission ou un guide 
donde. Pour cela nous allons placer au voisinage de cette section minimum 
une antenne dont la surface de captation (*), ou surface équivalente, est de 
Vordre de celle du cercle équatorial (**), un dipòle, un guide terminé par un 
petit cornet. Plus la surface du cercle équatorial est grande plus on est amené 
à augmenter la surface de captation, c’est-à-dire le gain de l’antenne de lecture. 
Un compromis s’établit d’ailleurs dans la pratique entre l’antenne de lecture 
et l’aérien paraboloide, c’est ainsi qu'on utilise non h = 1 mais h voisin de 2/3. 
L’intérét de ce mode d’exposition est non seulement de séparer les deux notions 
de l’agrien proprement dit et de l’antenne de lecture, ce que l’on fait aussi 


(*) Rappelons que la surface de captation d’une antenne est définie par S dans 
la formule G = 478/72. G, le gain, est une notion première mesurable. 

(**) Elle n’est pas égale, car la définition de S s’obtient avec un champ d’amplitude 
uniforme, or ici le champ varie suivant le rayon du cercle équatorial. La surface de 
captation de l’antenne n'a plus la méme définition. 
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à l’émission (primary pattern, secondary pattern), mais aussi de rap- 
procher l’aérien des instruments d’optique tels qu’on a Vhabitude de les 
envisager. 

C'est en somme en raison du manque de perfection du système de lecture 
comparé à ceux de l’optique classique que la technique des projecteurs d’onde 
U.H.F. s’est orientée d’une manière différente de l’optique instrumentale. 
On ne cherche pas à former une véritable image dans deux dimension, qui 
d’ailleurs si on voulait une grande définition, atteindrait des dimensions pro- 
hibitives. L’aérien classique forme l’image d’un point a grande distance. En 
faisant par exemple tourner l’aérien autour d’un axe vertical on analyse dif- 

_férents points de l’horizon. 

Dans certains aériens U.H.F., il est nécessaire soit d’obtenir des définitions 
angulaires différentes dans les deux coordonnées sphériques, azimut et site, 
soit dans une seule coordonnée une définition particulière. Citons par exemple 
une antenne de veille ou une antenne dite en « cosécante carrée » familière 
dans la techniques des antennes pour le Radar. Dans ces problèmes évidem- 
ment plus délicats, que celui de l’antenne a faisceau de révolution, on peut 
faire intervenir la notion d’image optique. 

Prenons l’exemple de l’aérien en « cosécante carrée ». Supposons que nous 
ayons a notre disposition un aérien donnant une image du plan de l’infini dans le 
plan focal, c’est-à-dire tel que des ondes planes incidentes donnent dans la 
surface focale des taches de diffraction circulaires égales. Si nous disposons 
dans cette surface une antenne de lecture dont la résistance de rayonnement 
varie en « cosécante carrée », nous aurons résolu le problème. Une telle antenne 
n’est pas difficile 4 imaginer, un guide à fente par exemple dont les fentes sont 
inclinées da facon variable. Malheureusement nous n’avons pas a notre dispo- 
sition d’aérien principal aplanétique ou isoplanétique et a grand champ. C'est 
pourquoi la technique s’est orientée dans une autre voie en tentant de résoudre 
le probleme par l’aérien principal lui-méme, ce qui semble un problème dif- 
ficile. 

En résumé dans certains problèmes de rayonnement U.H.F., il serait utile 
que l’aérien principal soit capable de donner une véritable image, dans deux 
dimensions. 


Exemple. - Reprenons exemple du miroir parabolique de révolution, qui 
est exemple le plus simple d’aérien U.H.F. Nous savons en Optique que ce 
miroir est stigmatique pour le point de l’infini ou encore dépourvu d’aber- 
ration de sphéricité. 

En hyperfréquence, il ne nous est plus possible de séparer aberration et 
diffraction. Rappelons que les aberrations sont dues au fait que les surfaces 
donde ne sont pas sphériques comme on le suppose en optique géométrique. 
Des opticiens ont déja étudié les effets combinés des aberrations géométriques 
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et de la diffraction (2). Par exemple, A. MARECHAL (?) étudie l’influence d’aber- 
rations d’une portion d’onde sphérique convergente d’amplitude uniforme sur 
le volume de diffraction. On voit sans peine que dans le cas général, les aber- 
rations augmentent le volume de diffraction, elles rendent moins bonne la 
concentration du flux d’énergie dans le plan image (voir Appendice). 

Examinons par exemple l’apparition de Vaberration de coma pour le miroir 
parabolique. Une étude (*) nous a indiqué comment se déforme le volume 
de diffraction lorsque la direction de propagation de l’onde incidente n’est plus 
paralléle à l’axe. Il est possible d’interpréter très simplement ces résultats 
comme l’existence d’aberrations liées a la diffraction. 

Tout d’abord les mesures de champ effectuées dans le plan focal nous 
montrent l’apparition de champ dans la région symétrique de l’axe par rapport 
à la tache de diffraction principale. Et ceci d’autant plus que l’angle d’ouver- 
ture du paraboloide est plus grand ou que la direction de l’onde incidente est 
plus inclinée. 

D’ailleurs è Yémission on sait bien que l’excentrement de la source fait 
naître des feuilles secondaires dans la région symétrique de l’axe par rapport 
à la feuille principale. Nous retrouvons l’aberration de coma. 

Nous avons examiné le déplacement du maximum F, dans le plan focal. 
Soit « (fig. 1) Pangle de la direction de propagation de l’onde incidente et de 
Vaxe Ox et a'= FOF,. 

En suivant l’approximation de Gauss le maximum devrait se trouver au 
point #, tel que FOF, = «. Or le calcul, d’ailleurs bien vérifié par l’expé- 
rience nous donne 

a='a(DEEIR]3) - 


Si nous supposons «, «’, Oo pas trop grand, nous voyons, en posant: 


II — Aoi OF =f, 
que 


dotate. 


Nous retrouvons, avec des notations légèrement différentes de celles de l’optique, 
l’expression méme de l’aberration de coma, en confondant ici image optique 
avec le maximum du volume de diffraction. 

L’intérèt de ce résultat est surtout dans la vérification expérimentale qui 
en a été faite sur des miroirs paraboliques dont les dimensions sont de l’ordre 
de 15 A. 


(2) M. Born: Optik (Berlin, 1933). 

(?) A. MARÉCHAL: Influence des aberrations géometriques sur la tache de diffraction, 
in Cahiers de Physique, n. 25 et 26 (1944). 

(4) M. Born, op. cit. pas. 328 et suivantes. 
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En résumé, nous voyons que nous pouvons malgré la trés grande diffé- 
rence du nombre de longueurs d’onde entre les diametres des pupilles des 
aériens U.H.F. et des instruments d’optique, parler de notions d’optique géo- 
métrique pour les aériens U.H.F., en particulier d’aberrations géométriques, 
en n’oubliant pas évidemment de les superposer aux phénoménes de diffraction. 
Ces notions, valables dès un diamètre de l’ordre de 15 A, deviennent de plus 
en plus importantes par rapport aux notions de diffraction pure, done au fur 
et à mésure qu’augmentent les dimensions de l’aérien. 


Influence des aberrations de phase sur le rendement énergétique des aériens 
hyperfréquence. 


En optique intrumentale on est peu préoccupé par le rendement énergétique 
des instruments d’optique, on se soucie surtout de la qualité de l’image et 
du pouvoir séparateur. Ceci es di a la grande 
sensibilité de l’ceil ou de la plaque photographique. 

Dans la technique classique des aériens en 
hyperfréquence on cherche a former Vimage d’une 
source unique éloignée et à la « lire» avec le 
meilleur rendement possible, c’est-à-dire finalement 
a collecter le plus d’énergie possible dans la ligne 
de Vantenne. La notion de gain évalue ce rende- 
ment (°). 

On appelle « gain absolu » le rapport des 
champs rayonnés en un point trés éloigné par 
l’aérien considéré et un aérien isotrope idéal, 1’é- 
nergie de la source restant constante. A cette définition faite 4 l’émission 
correspondrait une définition analogue a la réception, les deux points de vue 
étant reliés par le théoréme de réciprocité. Il va sans dire qu’on considère le 
point de l’espace ot le champ est maximum, c’est-à-dire le gain dans l’axe. 

Se placer 4 l’émission pour le calcul du gain est une méthode plus simple 
qu’à la réception. En effet, on suppose que toute l’énergie de la source est 
répartie sur la plus grande pupille. Le principe de Huyghens nous permet 
de connaître le rayonnement du projecteur d’onde, en considérant des sources 
auxiliaires dans l’ouverture. Les formules de Kottler nous donnent simplement 
le champ au loin à partir de sources dans l’ouverture. On démontre que, pour 
une surface illuminée constante en phase, la répartition correspondante au 
gain maximum est la répartition d’amplitude constante (5). Le gain est 


Fig. 2. 


(5) S. Silver: Microwave Antenna Theory and Design (New York, 1949). 
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alors donné par 


S mesure de la surface de la plus grande pupille, A longueur d’onde. 

Deux facteurs peuvent donc influer sur le gain et diminuer sa valeur, la 
répartition en amplitude et la répartition en phase dans le plan de la pupille. 
Ceci s’exprime en multipliant l’expression de @ donnée par la formule précé- 
dente par un coefficient w<1. mw est appelé le gain relatif. 

On modifie souvent la répartition en amplitude a dessein, de facon a di- 
minuer les feuilles secondaires par rapport 4 l’amplitude du lobe principal. 
Une répartition sinusoidale en champ sur l’une des coordonnées, par exemple, 
donne un gain relatif u = 0,8, la largeur totale è demi-puissance passe de la 
valeur 0,88 A/a & la valeur 1,2 A/a et la premiére feuille secondaire qui, pour 
une amplitude égale dans la pupille (de dimension a) a une intensité 13 db 
en dessous du lobe principal, est maintenant a 23 db en dessous de ce lobe (°). 

Une modification de la phase dans le plan de la pupille n’a au contraire 
q’une action négative, elle diminue le gain 
et détruit le diagramme. De plus les 


qualités de l’aérien sont très sensibles à —.@ 
ces variations de phase. Donnons-en un 
exemple: 

Supposons une illumination constante 
en amplitude, mais dont la loi de phase ®© 
varie dans l’ouverture, 

(1) d’après une lois sinusoidale, 
©) 


(2) en dents de scie, 


(3) par paliers. 


La périodicité de la loi suivant Vaxe 
des « winfluence pas la valeur du gain dans Vaxe. Ce dernier ne dépend que 
de la valeur de kz. 


Pour la loi (1) yu varie comme Ji(k2) , 
sin? (kz) 
» » (2) » » (ke)? - 


» » (3) » » cos? (kz) . 


Nous avons représenté ces lois de variation sur la fig. 4, en abscisse nous 


(6) S. SILVER: op. cit. pag. 186. 
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portons langle kz, variation extréme de la phase autour de sa valeur moyenne. 
Sur cette figure nous voyons que sous peine d’une diminution rapide du gain, 
nous ne pouvons admettre des écarts supérieurs à 1/8 autour de la valeur moyenne. 
Si ces irrégularités de phase sont les mémes dans les deux dimensions de la 
pupille, il faut élever le coefficient vu de la fig. 4 au carré. 

Les opticiens connaissent bien l’influence d’irrégularités de la surface de 
phase sur la qualité de l'image. La régle la plus courante est celle de Lord 
RAYLEIGH: « La surface de phase doit étre comprise entre deux sphères con- 
centriques distantes de 4/4». A. MARECHAL (7) donne une valeur inférieure 
de l’éclairement en fonction de E, carré 
‘ moyen de l’écart entre la surface d’onde |e 
et une sphére moyenne. Transposé pour 
le gain relatif ce résultat nous donne 


Des irrégularités sur la surface de 
phase influent non seulement sur le 
gain, mais aussi, bien entendu, sur le 
diagramme. 

Si nous revenons au point de vue de 
l’optique que nous avions adopté dans 
la première partie, le diagramme tel qu’on le considère n’est autre que la 
section par le plan de l’infini du volume de diffraction entourant Vimage du 
foyer. Nous savons que toute aberration de la surface de phase entraîne une 
augmentation de ce volume. 

En résumé, en admettant que toute l’énergie rayonnée par la source se 
retrouve sur la plus grande pupille, il est nécessaire de corriger soigneusement 
les aberrations de phase de fagon a obtenir une surface de phase aussi plane 
que possible au voisinage de cette pupille. Cette condition est, on le comprend 
facilement, d’autant plus difficile è tenir que les dimensions de la pupille sont 
plus grandes devant la longueur d’onde. Elle peut expliquer que le gain relatif 
d’aériens de grandes dimensions diminue en méme temps que la longueur 
d’onde (8). 

L’idée physique a dégager des exemples et remarques précédents est que 
les défauts habituels des aériens en hyperfréquence ne sont pas dus a des effets 
de diffraction plus ou moins mystérieux et difficiles a calculer, mais à des aber- 
rations de phase analogues a celles que Von rencontre pour les instruments d’optique. 
Souvent un calcul d’optique classique permet d’évaluer correctement leurs 


(7?) A MARÉCHAL: Revue d'Optique, 26, 257 (1947). 
(8) S. SILVER: op. cit., pag. 435. 
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conséquences, malgré le petit nombre de longueurs d’onde du diamètre des 
pupilles en hyperfréquence, petit comparé a celui des pupilles de l’optique 
instrumentale. 


Un nouveau type de lentilles hyperfréquence. 


Le rapprochement des aériens hyperfréquence avec les instruments d’optique 
et la nécessité de corriger au mieux la phase dans le plan de la plus grande 
pupille, rend intéressant un nouveau type de lentilles développé à la Compagnie 
Générale de T.S.i*. et actuellement utilisé sur les antennes du cable hertzien 
P.T.T. Paris-Lille. 

Décrivons tout d’abord ces lentilles dont l’étude détaillée a d’ailleurs déjà 
été publiée (?). 

Considérons un plan infiniment conducteur percé d’une ouverture circulaire 
de diamétre d. Soit une onde plane incidente paralléle a ce plan, 4 sa longueur 
donde. Si d est grand devant A, l’ouverture laisse passer un faisceau de rayons 
paralléles. Le champ électromagnétique en un point éloigné sur axe de l’ouver- 
ture a méme valeur en amplitude et en phase qu’en absence d’écran. Si d di- 
minue et devient du méme ordre que / le faisceau s’écarte, des feuilles appa- 
raissent, d diminuant encore l’ouverture rayonne une onde sphérique. Dans 
ce dernier cas le champ en un point éloigné sur l’axe de l’ouverture a une 
phase en avance de 7/2 sur le champ en l’absence d’écran. Ce fait est a rap- 
procher de l’avance de phase de x d’une onde passant par un foyer. La trans- 
formation d’une onde plane en onde sphérique amène une avance de phase 
de 7/2. 

Examinons maintenant un écran métallique percé d’ouvertures circulaires 
égales de diamétre d, dont les centres forment un quadrillage de cété 2a. Si 
2a < 7, une onde plane en incidence normale est réfléchie et transmise suivant 
deux ondes qui seront des ondes planes à une certaine distance de la plaque. 
Il est donc possible de définir des coefficients de transmission et de réflexion 
en amplitude et en phase comme le rapport des champs électro-magnétiques. 
Ces coefficients dépendent d’un seul paramétre « et s’expriment par les for- 
mules: 


t= cos wexp [ta], r =isin « exp [ia]. 


L’avance de phase sur l’onde en l’absence d’écran s’exprime en fonction de «. 
Les résultats expérimentaux montrent que si d/A tend vers zéro, x tend 
vers 2/2 et |t| vers zéro. Nous retrouvons les résultats de l’ouverture unique. 


(9) J. C. Simon: Diffraction des éerans plans et application aux lentilles hertziennes, 
in Annales de Radioélectricité, 6, 205 (1951). 
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Nous sommes capables avec un tel écran d’obtenir une onde transmise dé- 
phasée. 

L’avance de phase « peut varier en fonction de d/A entre 7/2 et %, % cor- 
respondant à la valeur maximum de d compatible avec l’écartement 2a. 
x dépend de la valeur 2a/A et peut étre rendu très petit par un choix judicieux 
de cette valeur. 

D'un autre còté la transmission |t| varie en sens inverse de l’avance de 
phase. Appelons transmission relative 7=|t|/0, 9 étant la racine carrée du 
coefficient de transmission qu’on définirait en optique classique par le rapport 
des énergies transmise et incidente (alors d >). Si d/A tend vers Vinfini 
T tend vers l’unité. Il est intéressant du point de vue physique d’examiner 
les variations de 7 en fonction de d/A et 2a/A. 

Nous notons que 7 est beaucoup plus sensible a d/A qu’a 2a/A. D’autre part 


pour d/A< 0,43, T<1 et T diminue si 2a/A diminue, 
pour d/A> 0,43, T>1 et 7 diminue si 2a/A diminue. 


Nous disons que dans le premier cas l’ouverture fonctionne en pseudo 
coupure, dans le second qu’elle est au-dessus de la pseudo coupure. En effet, 
on peut rapprocher physiquement ce qui se passe dans l’ouverture pour 
d/A< 0,43 du guide d’onde en régime de coupure. Champs électriques et ma- 
gnétiques sont en quadrature dans l’ouverture, la surface d’antenne est beau- 
coup plus petite que la surface géométrique de l’ouverture. A l’inverse si 
d/A> 0,43 Ja surface d’antenne est plus grande que la surface géométrique. 
On congoit alors pourquoi 7 diminue si 2a/A diminue. Le rapprochement des 
ouvertures les empéche de rayonner avec leur rendement optimum. 

Si au lieu d’ouvertures de diamétre égal, nous varions le diamètre des ouver- 
tures, nous modifions è volonté la surface de phase de l’onde transmise. Enfin 
pour obtenir des déphasages importants, nous disposons a des distances con- 
venables plusieurs écrans, qui ainsi ajoutent leurs effets. 

Soient p écrans identiques paralléles 4 des distances égales b, si d diminue 
suivant qu’on s’écarte d’un axe A normal aux plaques, nous aurons formé 
un système de transmission dont le déphasage augmente avec l’éloignement 
dun axe, c’est-à-dire une lentille convergente. Cet ensemble a pour équivalent 
optique une lame à face paralléle d’indice variable. Remarquons qu'il nous est 
facile de définir un indice équivalent. Soit e l’épaisseur totale de la lentille, 
x Vavance de phase sur l’onde transmise par rapport a l’onde de longueur 
d’onde A qui existerait en l’absence de lentille; on peut écrire 
aa 


27 € 


n= 1 — 


et, puisque «>0, on a n< 1. 
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Des diéclectriques artificiels pour ondes décimétriques ont déjà été signalés 
et étudiés par différents auteurs. Signalons en particulier les travaux de 
Kock (!°) qui a étudié des « lentilles guides » et également un milieu complé- 
mentaire de celui que nous étudions: des disques métalliques au lieu d’ouver- 
tures dans des écrans. Les lentilles ainsi réalisées sont l’équivalent de lentilles 
classiques en optique, c’est-à-dire un volume d’indice constant et d’épaisseur 
variable. 

Examinons rapidement les possibilités et les limitations du système proposé. 


1. Transmission et largeur de bande. — Nous avons remarqué que l’avance 
de phase maximum de 7/2 ne s'obtient que pour une transmission nulle. Or il 
est important que la transmission en tout point de la lentille ne descende pas 
en-dessous de 0,9. Remarquons que le paramétre b, écartement des plaques, 
nous donne la possibilité d’obtenir une transmission voisine de l’unité pour 
une fréquence déterminée. Si nous voulons une transmission dans une bande 
de fréquence importante, nous sommes amenés è traiter un problème de filtre. 
Son examen amène au choix du nombre de plaques pour une largeur de bande 
et un déphasage donnés. Le déphasage étant donné, la « surtension » du système 
varie en sens inverse du nombre des plaques. 

Pour rattraper un déphasage de 27 avec une transmission totale supérieure a 
0,9 dans une bande de 300 MHz autour de 
3640 MHz, nous avons pris sept plaques. a ®© 


2. Déphasage. — Les lentilles du type 
décrit permettent non seulement de 
rattraper des déphasages importants 
mais aussi de corriger des aberrations 


locales de la surface de phase. On a ainsi 
l’équivalent d’une « optique de retouche ». 
Donnons en un exemple. La fig. 5 
représente des surfaces de phase dans 
l'espace. L’échelle est dix fois plus 
grande en ordonnée qu’en abscisse. 
L’onde (S) provenant d’un point éloigné 
sur l’axe <> 0 est sensiblement sphé- 
rique. Le déphasage total a rattraper est 
4 (longueur d’onde A = 8,20 em). 
L’onde (1) est onde qu’on obtient apres | 
le passage de (S) a travers une lentille. | | 
Nous cherchons 4 obtenir une surface | | | 
de phase plane. La lentille, constituée 5 SA Ti = rss 
de 8 plaques, est trop convergente. Fig. 5. 


(19) W. E. Kock: Bell Syst. Techn. Jour., 27, 58 (1948). 
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L’onde (2) est obtenue en retirant une plaque done en diminuant la conver 
gence, l’onde (3) en retirant une plaque a l’échelon (entre 100 cm et 150 em), 
l’onde (4) en inclinant la lentille sur l’onde incidente. Nous voyons que nous 
pouvons modifier facilement l’onde transmise. En pratique on mesure la sur- 
face de Vonde transmise et on calcule une ou deux plaques de correction 
qui rajoutées ou substituées sur la lentille originale permettent d’obtenir une 
surface de phase qui réponde aux conditions que nous avons décrites au 
paragraphe précédent. C’est ainsi que nous obtenons des surfaces de phase 
dans une grande pupille circulaire de diamètre 35 4 dont les écarts autour de 
la valeur moyenne correspondant a un plan sont inférieurs partout a 7/8. 


3. Chromatisme. — Le déphasage est, comme la transmission, fonction de la 
fréquence. On observe un défaut analogue au chromatisme optique. La con- 
vergence varie en sens inverse de la fréquence et cela d’autant plus rapidement. 
que la « surtension » est plus élevée. 

Remarquons que cette propriété, qui est un défaut pour une lentille, peut. 
nous permettre d’obtenir un milieu très dispersif, donc de réaliser des prismes. 
et d’envisager leurs applications comme en optique, spectrographes par exemple. 


4. Echelons. — Afin de limiter le nombre de plaques a un chiffre raison- 
nable on est amené à utiliser un dispositif dit d’échelons. La surface d’onde inci- 
dente est divisée par des plans normaux à l’axe en tranches d’épaisseur 7. 
Chacune de ces portions d’onde incidente est transformée en ondes planes. 
distantes de Z par des éléments de lentilles. Pour le point de l’infini dans l’axe 
tout se passe comme si la surface de phase était plane. 

Cette discontinuité dans la surface de phase amène une irrégularité au 
passage dont la dimension transversale est de l’ordre de 2. Ce dispositif fait 
done perdre sur la pupille une bande de dimension transversale égale à A. 


5. Ouverture. — L’étude de la transmission et du déphasage des écrans a 
été effectuée pour une onde incidente normale 4 l’axe. C’est-à-dire que les. 
résultats ne peuvent étre utilisés que dans «approximation de Gauss ». 

L’étude en incidence oblique montre qu'il y a une analogie de fonction- 
nement avec l’optique cristalline. Ceci ne doit pas nous surprendre, un tel 
milieu n’étant pas isotrope. Etant donné une onde incidente oblique, il existe 
seulement deux directions du plan de polarisation, normale ou paralléle au plan 
d’incidence, telle que la polarisation de l’onde transmise soit la méme que 
celle de l’onde incidente. A ces deux directions correspondent deux vitesses. 
de phase, à rapprocher des indices extraordinaire et ordinaire. Le module de 
la transmission subit également des variations importantes. Ceci mis 4 part, 
nous retrouvons des propriétés analogues 4 celles des cristaux uniaxes. 

D’autre part, il est physiquement d’autant plus difficile de rattraper un 
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déphasage donné qu’on désire le faire dans une distance transversale plus 
petite. 

Enfin dans le cas où on utilise des échelons, une forte incidence conduit 
à rendre comparable la zone de bon fonctionnement d’un échelon et la zone 
de transition défectueuse au passage de deux échelons. 

Ces différents facteurs nous amènent a limiter è deux le rapport d’ouver- 
ture d’une lentille mince. Cette limite peut bien entendu étre dépassée en uti- 
lisant des lentilles épaisses ou des systèmes composés. 


L’aérien du cable hertzien Paris-Lille. 


Le problème posé est d’obtenir un aérien dont les dimensions de l’ouverture 
soient de 3 mx3 m, qui fonetionne 4 3600 MHz avec une largeur de bande de 
160 MHz définie par moins de 1,1 d’onde stationnaire. La troisiòme dimension 
de l’aérien ne devait pas dépasser 3 m, enfin l’aérien ne devait pas présenter 
de feuilles latérales importantes et particuliò- 
rement de rayonnement arrière, de facon a éviter 
soigneusement tout couplage avec des aériens 
voisins. 

Le probléme posé était difficile 4 résoudre 
avec une seule lentille car il aurait fallu 
adopter une ouverture égale a l’unité. On a en 
quelque sorte divisé la difficulté par deux, en 
effectuant le déphasage total en deux stades. 
L’aégrien est composé de deux parties, que 
nous appellerons objectif et oculaire par analogie avec les instruments d’op- 
tique (fig. 6). 


Loculaire. — L’oculaire se compose d’un petit cornet (C) et dun miroir 
métallique (R). L’ensemble donne & l’émission dans le plan de O” une onde 
semblant provenir en première approximation du point O. (R) est un miroir 
concave de 150 cm de diamétre, la distance O'(C) est de 50 em. Le choix d’un 
miroir comme oculaire, se justifie, car il permet de réduire l’encombrement, 
de fonctionner A faible ouverture et par sa dimension relativement réduite 
évite les défauts des réflecteurs grandes dimensions. 

La correction des ondes stationnaires est réalisée isolément pour chaque 
partie. Le cornet (C) est corrigé dans une bande de 200 MHz grace a des procédés 
classiques. Le rayonnement du réflecteur (È) dans (0) est corrigé à l’aide d’un 
petit réflecteur auxiliaire (r) qui modifie la surface d’onde suivant Vordonnée 
de 0" mais sans inconvénients, la lentille (L) nous permettant de rattraper 
un déphasage quelconque. 

Dans la réalisation définitive on a préféré utiliser comme oculaire un miroir 
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hyperbolique dont le foyer est excentré. La réalisation pratique est simplifiée. 
Le probleme des ondes stationnaires dues au miroir, l’effet de masque, sont 
supprimés. L’onde rayonnée par un tel oculaire différe peu de celle de l’ocu- 
laire centré précédent. 


TL’ objectif. — L’effet de rayonnement arrière est évité par un trone de pyra- 
mide (P) en cornières recouvertes de métal déployé, réunissant de facon très 


bee 


Ma tEEPandoe sara 
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rigide l’objectif et l’oculaire. A partir de la courbe de phase relevée en 0” par 
une méthode interferométrique et qui s’éloigne assez de la forme sphérique, 
on calcule une lentille (Z) destinée a la fois a rattraper la phase et a corriger 
les aberrations, de facon à obtenir à la sortie une surface d’onde aussi plane 
que possible. (Z) comprend une lentille centrale et un échelon et focaliserait 
une onde plane incidente aux alentours du point O (elle a done une ouverture 
de 2). Elle est constituée de 7 plaques de duraluminium de 2 mm d’épaisseur. 
Les trous sont disposés suivant les sommets d’un quadrillage de 65 mm de 
coté, leur diamètre varie de 61 mm a 42 mm en s’éloignant du centre. 

On remarque sur la figure 7 que la lentille est galbée en forme de cylindre 
à génératrice horizontales, le plan de polarization d’une onde incidente étant 
horizontal. Ceci afin de diminuer l’angle d’incidence des ondes dans le plan 
où se produit la variation de phase extraordinaire. Enfin la demi-portion supé- 
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yieure de la lentille est décalée d’une tòle par rapport à la demi-portion infé- 
rieure, ceci afin de réduire au minimum le coefficient de réflexion de la len- 
tille, tout en ne modifiant pas son coefficient de transmission. 


Résultats obtenus. — Cet aérien permet d’obtenir un faisceau d’ondes hert- 
ziennes dont la largeur totale & demi-puissance est 1°7/,) en azimut et site. 
Le premier anneau situé & 4° de l’axe est à 20 db en dessous du lobe principal. 
Après 45° la valeur du rayonnement est inférieure à 40 db, après 90° à 50 db. 
Le gain absolu mesuré est voisin de 38,5 db pour une surface de 7 m?, d’où 
un gain relatif u voisin de 60%. Les ondes stationnaires sont, avec le nouvel 
oculaire, inférieures à 1,12 dans une bande de 3600 MHz (340 MHz étant la 


fréquence centrale). 


Conclusion. 


En définitive les principaux points d’intérét dans l’utilisation de lentilles 
de ce type sont les suivants: 


1) Il devient possible de corriger. localement une surface de phase. On 
posséde une véritable « optique de retouche » pour les aériens U.H.F. Cette pos- 
sibilité est d’autant plus intéressante que les dimensions de l’aérien sont plus 
grandes par rapport a la longueur d’onde. En particulier on peut utiliser cette 
possibilité de corriger les aberrations si on désire des aériens spéciaux pour 
former une véritable image comme en optique. 


2) Les lentilles fonctionnant évidemment per transmission, il devient 
possible de construire des aériens composés, c’est-à-dire dans lesquels le dépha- 
sage ou la correction des aberrations sont executés en plusieurs étapes. comme 
dans les instruments d’optique. De plus, le faisceau étant transmis et non 
plus réfléchi, la correction des ondes stationnaires (énergie réfléchie vers la 
source) devient aisée. 


3) En réunissant sans solution de continuité la source 4 la plus grande 
pupille, on peut éviter certains rayonnements latéraux ou rayonnements arrieres. 
Ceci présente un intérét particulier dans le cas d’un relais de faisceau hertzien 
où Von désire découpler au maximum les différents canaux, done le sdifférents 
aériens. 


4) Du point de vue construction pratique, les tolérances de fabrication 
sont peu élevées surtout pour un système à large bande, done a faible sur- 
tension. Le principe physique de la lentille rend également peu critique sa 
mise en place. En effet, si on incline sur l’axe un miroir d’un petit angle «, 
le faisceau réfléchi tourne d’un angle 2x; pour une lentille, c étant un coefficient 


27 - Supplemento al Nuovo Cimento. 
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constant, il tourne de ca* (existence de points nodaux). Si on déforme loca- 
lement un miroir de e, la variation correspondante de chemin optique est 2e, 
pour une lentille elle est égale à |n—1|e, done en général beaucoup plus 
petite. 

Enfin l’existence et l’étude d’un nouveau diélectrique artificiel de con- 
struction aisée permet d’envisager d’intéressantes applications dans le domaine 
des ondes décimétriques et millimétriques. 


APPENDICE 


Rappel de la définition des aberrations geométriques au voisinage de l’image. 


Soient A Vobjet, B et A’ les points ot le rayon lumineux coupe le plan 
de la pupille de sortie et le plan image. 

Soient 00; 7», 0:+ 401, les distances respectives de ces points à l’axe (nous 
supposons que le système optique est de révolution). 

Soit o, la distance de l’image de Gauss (fig. 8). 

A,, représente l’aberration géométrique totale. 

Si on effectue un développement limité par 4,,, 
en fonction des paramétres 00, 7,, les premiers termes 
du développement sont des termes homogènes de degré 
trois. A chacun de ces termes correspond une aberration 
particuliére. 


plan objet 


Terme en rì: Aberration de sphéricité. — Cette aber- 
ration existe méme pour les points objet et image sur 
l’axe. Elle apparait dés que Vangle d’ouverture n’est 
plus petit. Il y correspond la notion de caustique. On 
dit parfois que le système optique n’est pas stigmatique. 


pupille 
de sortie 


Terme en rio,: Coma. — Au lieu observer l’image 
dun point dans le plan image, on remarque une tache 
Ago pe lumineuse en forme de «cométe», dont la traine est 
ieee? du còté opposé à l’axe par rapport a la téte. Elle est 

Fig. 8. d’autant plus sensible que les angles d’ouverture et de 
champ sont plus élevés. 


plan image 


Terme en oor,: Astigmatisme et courbure de champ. — Correspond a l’appa- 
rition pour des rayons inclinés des focales sagittale et tangentielle et à une 
déformation de l’image dans le plan image. 


Terme en 05: Distorsion. — Déformation de l’image dans le cas d’un grand 
angle de champ. 


ica 
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INTERVENTI E DISCUSSIONI 


— H. SEVERIN: 


1) Falls Ihre Metallplatte nicht wie ein Hertz’sches Gitter wirken soll; missen 
die Lécher, besser das Verhiltnis von Durchmesser zur Wellenlinge, eine gewisse Grofe 
haben. Wie klein kann es im Minimum werden? 

2) Ihre Lésung des Linsenproblems scheint mir das Komplementàre zu der 
von W. E. Kock zu sein. Er verwendet u.a. kleine leitende Scheibchen, auf einer 
ebenen Fliche angeordnet, und das sind elektrische Dipole. In Ihrem Fall kònnen die 
Offnungen als elementare magnetische Dipole aufgefaBt werden. 


— J. 0. Simoni: 


1) Le diamètre de l’ouverture est environ de l’ordre de 4/3. 
2) Qui, la remarque est exacte. 


SUPPLEMENTO AL VOLUME IX, SERIE IX DEL NUOVO CIMENTO N. 3, 1952 


Super-Gain Antennas and Optical Resolving Power. 


G. TORALDO DI FRANCIA 


Istituto Nazionale di Ottica - Arcetri, Firenze 


Introduction. 


According to ray optics there should be no limit to the resolving power 
of a perfect optical system, i.e. of a system that images mathematical points 
into mathematical points. However it is well known that wave optics modifies 
considerably the situation, in that it shows that the image of a point source 
is always constituted by a diffraction pattern of non-zero dimensions. For 
instance in the case of a circular pupil of diameter D, uniformly illuminated, 
the pattern consists of a central disk (Airy disk) of angular radius 1,22 A/D, 
surrounded by many alternatively dark and bright rings. The rings are very 
faint, so that the resolving power depends mainly on the size of the disk. Of 
course, in evaluating the net resolving power one must take into account the 
properties of the receptor. But, no matter how fine the receptor may be, 
the upper limit of the resolving power cannot be far from that given by the 
well-known rule of Rayleigh, according to which the smallest distance between 
two points that can be seen as distinct is equal to the radius of the Airy disk. 

There has always been much speculation as to whether this situation can 
be improved by a suitable departure from the condition of the uniform pupil, 
that is by making the complex amplitude a function of the coordinates in the 
plane of the pupil. It is well known to opticians, however, that every attempt 
to reduce the size of the disk bears as a consequence an increase in the brightness 
of the rings at the expense of the sharpness of details in the image. This 
result may be termed as classical. In recent years an extensive discussion 
of it has been given by LUNEBERG (1). After going through his beautiful 
theorems on this subject, one cannot escape the conclusion that it is impossible, 
for theoretical reasons, to ameliorate the performance of an optical system 
by means of any type of coating on the pupil, i.e. by any departure from the 
uniform pupil. 


(4) R. K. LuNnEBERG: Mathematical Theory of Opties (Providence, 1944) p. 391. 
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In this situation any serious attempt to reduce the size of the central disk 
was given up and workers in the field of optics set themselves the much 
less ambitious task of stripping the disk of its rings. This is feasible and many 
authors have recently given methods for calculating the corresponding distri- 
bution on the pupil (?). 


Super-gain antennas. 


After the appearance of microwave techniques and their applications, a 
problem closely related to that of resolving power was tackled by theoreticians 
in their search for highly directive antenna arrays. From the mathematical 
point of view an antenna array is a given spatial distribution of radiating 
currents, i.e. of their complex amplitudes. Now it is well known that any 
distribution of alternating currents is equivalent to a distribution of electric 
dipoles; and the same is true for the pupil of an optical instrument, as we 
know from the theory of electromagnetic diffraction (*). Thus the mathematical 
formulation of the problem should be identical in the two cases. 

Fortunately it appears that microwave researchers were not very much 
concerned, or perhaps even acquainted, with the old and well-established 
theorems of wave optics, according to which no material improvement over 
the uniform pupil should have been possible. As a result, an entirely new 
theory has been set up, which contains many revolutionary implications. 

The pioneer work in this field was that of SCHELKUNOFF (4). It was based 
on the remark that, apart from a form factor, the amplitude radiated by 
a linear end-fire array of n elements can be represented by the polynomial 


(1) A, + A, exp [ip] + As exp [iw] +... + An exp [(n — Lip] = 
MACERATA Ana pri 


where A,, Ai ... are complex amplitudes, = exp[iy], y= (21/2) cost— g, 1 being 
the spacing between the elements, 0 the angle made by a typical direction 
with the line of sources, and p a progressive phase delay. In the complex 
plane z varies on the unit circle; consequently of the n—1 zeros of the poly- 
nomial (1) only those lying on the unit circle may represent cones of silence. 
Further, of these cones of silence only those corresponding to |cos 6|<1 have 
a physical existence, the others being imaginary. 


(2) For history and literature see: B. Dossier, P. BoucHon and P. JACQUINOT: 
Journ. des Rech. O.N.E.S., n. 11 (1950). 

(3) For comprehensive discussions and literature see: G. ToraLDo DI FRANCIA: 
Nuovo Cimento, 7, 967 (1950). 

(4) S. A. SCHELKUNOFF: Bell. Syst. Techn. Journ., 22, 80 (1943). 
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A uniform array has the zeros of 2 equispaced on the whole unit circle; 
but ScHELKUNOFF was able to show that a remarkable improvement in the 
gain can be obtained by placing the n—1 zeros all inside the actual range of 
z, that is on the arc of the unit circle corresponding to |cos 0|<1. This is 
illustrated for instance in fig. 1, where the directive properties of two six- 
element arrays with / = 4/8 are represented; curve A refers to a uniform array 
and curve B to an array with its nulls equispaced in the actual range of 2. 
The comparison between the two curves is really astonishing. 


00 i nc eee 
0° 20° 40° 50° 80° 


== = ee i ni == 
100° 120° 140° 160° 180° 


Fig. 1. — Directive properties of two six-element end-fire arrays with the spacing 1= 4/8; 
curve A refers to a uniform array and curve B to an array with its nulls equispaced in 
the actual range of 2. (From SCHELKUNOFF). 


The revolutionary result of SCHELKUNOFF aroused great interest and 
people began to ask themselves whether the best distribution of currents on 
an antenna of given over-all length could be found out by mathematies. But 
very soon BouwKAMP and DE BRUIJN (°) were able to prove for a linear antenna 
the amazing theorem that no such optimum distribution exists and that, as 
a consequence, there is no upper limit to the gain obtained. The extension 
of such results to two-dimensional current distributions was considered by 
RIBLET (5). 

After the appearance of the startling paper by BouWKAMP and de BRUIJN 
the question arose among workers in the antenna field of how to calculate 
actual current distributions yielding arbitrary high gains. A very interesting 
method, applying to the case of broadside arrays, was pointed out by DOLPH (7) 


(®) C. J. Bouwkamp and N. G. DE BRUIJN: Philips Res. Rep., 1. 135 (1946). 
(6) H. J. Rrptetr: Proc. I.R.E., 36, 620 (1948). 
(7) C. L. DoLPH: Proc. I.R.E., 34, 335 (1946). 
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and RIBLET (8); the latter showed that by choosing the polynomial (1) equal 
to a suitable combination of Tchebyscheff polynomials one could obtain as 
great a directivity as desired. However, a numerical application of this method, 
made by YARU (°) brought a disheartening result: the reactive currents 
required were enormous, so as to render the practical realization of the array 
absolutely impossible. 


The role of the evanescent waves. 


At this point another question seems to be unavoidable. Apart from the 
many difficulties of a practical nature, the theoretical existence of complex 
amplitude distributions yielding any desired directivity with a pupil of finite 
size is established beyond any doubt. What is wrong then with the old argu- 
ments of wave optics? 

In order to answer this question we must first recall some results obtained 
by the present author in the theory ot diffraction. The problems of optical 
diffraction can be dealt with either by means of the well-known principle of 
Huygens-Fresnel, or by means of a superposition of diffracted waves, whose 
interference on the surface of the pupil gives rise to the actual distribution 
of complex amplitude. The latter procedure was given the name of principle 
of reverse interference (19). In the case of a plane pupil this principle can 
be applied by choosing as diffracted waves a set of plane waves. Each of them 
is characterized by its complex amplitude and by the first two direction 
cosines of its direction of propagation. However, on the basis of well-known 
properties of the Fourier transform, it is easy to show that, if the pupil has 
finite size, some of the diffracted waves must have at least one direction cosine 
greater than unity. Consequently they cannot be ordinary plane waves; they 
are instead evanescent waves, attenuated in the direction perpendicular to 
the pupil. 4 

The existence of evanescent waves was known in the case of total re- 
flection (#4). Their presence in diffraction phenomena was first postulated by 
the present author (12) and met with some scepticism, until it was revealed 
experimentally beyond any doubt with the aid of microwaves (1°). 


) H. J. RisLet: Proc. I.R.E., 35, 489 (1947). 

(2) N. Yaru: Proc. I.R.E., 39, 1081 (1951). 

(19) G. ToRALDO DI FRANCIA: Ottica, 7, 117 (1942). 

(11) See, for instance: J. A. STRATTON: Electromagnetic Theory (New York, 1941), 
p. 499. 

(12) G. TORALDO DI FRANCIA: Ottica, 7, 197 (1942). 

(33) M. ScHarFNER and G. TORALDO DI Francia: Nuovo Cimento, 6, 125 (1949). 
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It is now easy to remove the apparent contradiction between the new results 
on super-gain antennas and the statements of conventional wave optics. It 
is true that, if we attempt to reduce the angular size of the central beam of 
diffracted waves, the amplitude of some other side waves must necessarily 
increase. But these waves of increased amplitude may very well be evanescent 
waves; they contribute nothing to the radiation pattern and correspond to 
a merely reactive power. 

The above explanation was first pointed out by WoopWwArD and LAWSON (14) 
for the case of a radiating aerial; but, of course, it applies equally well to the 
case of diffraction through an aperture. 

Classical wave optics seems to have missed the discovery of super-directive 
pupils, because it overlooked the role of evanescent waves in diffraction. And 
this in turn was due to the use of the Huygens-Fresnel principle, which can 
very well be applied to the solution of diffraction problems in the radiation 
zone, but fails to tell us what happens near the surface of the aperture. 

It is easy also to understand the significance of the already mentioned 
procedure of SCHELKUNOFF (4). A uniform array has its cones of silence equi- 
spaced in the region of radiating waves (|cos 0|<1) as well as in the region 
of evanescent waves (|cos 0|> 1); SCHELKUNOFF removes the null points from 
the region of evanescent waves, where they are of no use, and transfers them 
to the region of radiating waves, so that the over-all intensity is reduced, 
though leaving the principal maximum unaltered. 


Super-resolving pupils. 


Let us now try to transfer the results obtained in the field of antennas 
to the problem of ameliorating the resolving power of an optical system. The 
major difficulty we are now confronted with is the enormous size of the pupil. 
The size of a microwave antenna is of the order of magnitude of the wavelength, 
while, generally speaking, the size of an optical pupil exceeds the wavelength 
by many powers of ten. In this situation the requirement of keeping very 
low the intensity of all diffracted waves around a sharp central maximum up 
to the region of evanescent waves leads to unbelievably bulky calculations. For- 
tunately it seems unnecessary to put such a stringent condition. Removal of the 
luminous rings from the central maximum as far out as the region of evanescent 
waves would be necessary for an instrument having a 180° angular field; in prac- 
tice it is sufficient to have the rings well outside the field of the instrument. This 


(34) P. M. Woopwarp and J. D. Lawson: Journ. I.E.E., 95, 363 (1948). 
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is illustrated in fig. 2, where 
the illumination curve of an 
ideal diffraction pattern is 
drawn close to the field dia- 
phragm of the instrument. 
The field diaphragm stops the 
luminous rings, thus leaving 
only the central maximum. 

We shall now describe a 
simple method for obtaining 
the desired diffraction pattern 
from a circular pupil of dia- 
meter D. 

First we stop all the light 
impinging on the pupil, except 
for a thin ring of diameter D. 
As is well known, if we call 6 


| diaphragm 


diffraction 


{ pattern 


Fig. 2. — Arrangement screening out the large 
luminous rings of an ideal diffraction pattern. 


the angle made by a typical direction with the optical axis, the amplitude 
of the diffraction pattern, apart from an arbitrary factor, is given by 


(2) 


A(x) = Jo), 


where x = xD sin 0/7. It is also well known that this diffraction pattern has: 


Fig. 3. — Diffraction pattern of a ring-shaped 
aperture (curve A) and a uniform pupil of equal 


diameter (curve B). 


a smaller central disk than that 
corresponding to the uniform 
pupil. This is shown in fig. 3, 
where curve A gives the dif- 
fraction pattern (squared am- 
plitude) of the ring-shaped 
aperture and curve B the dif- 
fraction pattern of the uniform 
pupil of equal diameter. The 
constant factors are so adjusted 
that the two central maxima 
have the same value. Curve A 
has its first zero at x = 2,40: 
and curve B at x =3,83. 
However, in agreement with 
the general rule of wave optics, 
a reduction in the size of the 
disk has brought about an in- 
crease in the brightness of the: 
rings. 
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0 24 3,8 


Fig. 4. — Diffraction pattern obtained with 


three ring apertures. 


We begin now to shift the lumi- 
nous rings, removing them from the 
vicinity of the disk. To this end we 
add to the thin ring aperture of dia- 
meter D on the pupil two other ring 
apertures of diameter D/3 and 2D/3 
respectively. The amplitude in the 
diffraction pattern will now be gi- 
ven by 


(3) A(x) = 


a 


DI 
IAT (5 2) + At (; ») + A,J)(x), 
where the factors A,, A,, A; depend 
on the dimensions and on the transpa- 
reney of each ring. We then put the 
conditions A(0)=1, and A(x)=0 
at x = 2,40 and x = 3,83. The first 
zero is still that of curve A of fig. 3, 


while the second zero is placed at the first secondary maximum cf the same 


curve. With these conditions Eq. (3) 
yields a system of three equations, 
which can be solved with respect to 
A,, A,, A;. Thus we find (1°): 


= 05 Ae a le A= 18 


The resulting diffraction pattern is 
represented in fig. 4. Around the 
central maximum there is a large 
ring of nearly zero intensity. 

We pass now to the case of four 
ring apertures on the pupil, with the 
diameters equal respectively to D/4, 
2D/4, 3D/4, D. The resulting am- 
plitude will be 


al 
(4) Arn (3 "+ 


») 5 
+ Ayh (Za) + Asdo( 5 2) +40) 


24 55 


Fig. 5. — Diffraction pattern obtained with 


four ring apertures. 


(1) Of course, a negative coefficient means that the corresponding ring aperture 


has reversed phase. 
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“We now put the conditions A(0)=1, and A(x) =0 at x = 1,40, 3,83, 5,52, 
the last being the second zero of J,(v). We find a system of four equations 
and solve it, with the result 


e o eles 7,18, gb 0 A == 7,67, DAI 


‘The corresponding diffraction pattern is represented in fig. 5. The dark ring 
surrounding the central disk has become larger. 

Finally we try with five ring apertures, having the diameters D/5, 2D/5, 
3D/5, 4D/5, D respectively. The resulting amplitude will be 


1 2 O 4 
5 2) + Ao È ») + A3do (; 2) + Ago | ») LAI) 


We put the conditions A(0) =1 and A(x)=0 at a = 2,40, 3,83, 5,52, 7,02, 
the last value representing the third maximum of J,(2). We find the coefficients 


(5) A(x) = Ato 


CE 


(6) A, =12,43, A,=—34,11, A, = 40,03, A,=—28,31, A, = 7,96. 


‘The diffraction pattern is represented in fig. 6. These examples are sufficient 
for illustrating the method and for showing how it is possible, by increasing 
the number of ring apertures, 
to make the nearly dark zone 
surrounding the central disk as 
large as desired. The only draw- 
back from the practical point of 
view is that the coefficients A,, 
A,... become larger and larger. 
This means that a smaller and 
smaller percentage of the luminous 
flux passing through the pupil is 
utilized in the central disk; the 
fraction of this flux, wasted in the 
outer rings very soon becomes 
enormous. 

It is also interesting to investi- 
gate the influence on the coeffi- 
cients of reducing the size of the 
disk. For instance let us choose Fig. 6. — Diffraction pattern obtained with 
for the first zero x = 2,00, ins- five ring apertures and coefficients (6). 
tead of x = 2,40; to this end we 
again use five terms, as in Eq. (5), with the conditions A4(0) =1 and 
A(x) =0 at «= 2,0, 3,5, 5,0, 6,0. We obtain the coefficients 


I DI 


24 7,0 


(1) Ay = 85,73, A,=—146,81, A, =158,31, A,=—89,42, A, = 23,18. 
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The diffraction pattern is represented in fig. 7 and seems to be very promising. 

If we apply to it the Rayleigh rule, we find it possible to resolve a cluster of 

seven stars, whose mutual distances have nearly half the value required in 
the case of the uniform pupil. But 
a comparison of the coefficients (6) 
and (7) shows that a small re- 
duction of the disk has been paid 
for with a remarkable increase in 
the luminous flux required to obtain 
YAO) = Al, 


Conclusion. 


The preceding results show that 
it is necessary to give up some old 
ideas concerning the resolving power 
of an optical system. 

First of all we notice that the 


I x 

CEE ° classical limit of 1,22 2/D, which has 

Fig. 7. — Diffraction pattern obtained with always been accepted as a theoretical 
five ring apertures and coefficients (7). limit, proves instead to be only 


a practical limit. Theoretically an 
optical instrument with a pupil of given size can attain as high a resolv- 
ing power as desired. The only limitation, if any, is set by the amount 
of luminous flux that we have at our disposal. Thus once more we find 
an argument in favour of the energetic theory of resolving power, developed 
by the optical school of Arcetri, according to which it should be absurd to 
speak of resolving power, without specifiying the amount of energy that is 
available. 

In the second place we find support for the views concerning resolving 
power that were expressed some time ago by the present author (18). Ac- 
corindg to the modern theory of communication, the only limitation set by 
the wave nature of light on the performance of an optical system should concern 
the maximum number N ofinformations that the system can transmit at a time. 
As a crude approximation, this number is equal to the area of the pupil, divided 
by the square of the half wavelength, that is N—2aD?/22. If we want all 
these informations to be equally distributed among all the directions of a half 
space (as is the case for an ideal optical system), the elementary solid angle 


(18) G. ToRALDO DI FRancta: Atti Fond. G. Ronchi, 6, 73 (1951). 
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corresponding to each of them will be 22/N== 24?/D?. This gives 1,41 A/D 
for the elementary plane angle, that is something very close to the classical 
1,22 A/D. But if we consent to reducing the angular field, there should be 
no theoretical reason preventing the attainment of a higher resolving power. 
This seems to be in agreement with the results contained in the present paper. 

Finally we must point out a puzzling consequence of the preceding inve- 
stigations. It is well known that one of the most elementary arguments used 
for deriving the uncertainty principle of Heisenberg is based on the limited 
resolving power of an optical system of finite pupil (27). Therefore our findings 
would seem to be in contradiction with the uncertainty principle. It is outside 
the scope of the present article to enter into this delicate question. We shall 
deal with it in a forthcoming paper. 
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(17) See, for instance, L. I. Scorer: Quantum Mechanics (New York, 1949), p. ial. 


INTERVENTI E DISCUSSIONI 


= E. BRUIN: 

In the example given by HEISENBERG he calculates the probability of the photon 
hitting the plane of observation after it has passed a slit, the total probability being 
one. Now if with the ring system the central disk is made smaller in diameter the 
probability that this disk will be hit also becomes smaller. Will this probability not 
become zero in the case that infinite resolution is reached? 


— F. J. ZUCKER: 

There are two practical limitations which prevent the unlimited increase of antenna 
gain or optical resolving power. One of them has been brought out by Dr. TORALDO 
in his comments on the surface waves, which create large storage fields in the vicinity 
of the aperture. This suggests the alternative point of view of saying that supergaining 
involues a high Q with the attendant high ohmic losses and narrow band width (first 
pointed out by L. Cao in 1947, in the Proceedings of the I.R.E.). As a result of this 


Cia 
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limitation, the slightest amount of supergaining (or « super-resolving ») must be paid 
for with a very rapid increase in inefficiency. 

The second limitation has not yet been mentioned: it is of a statistical nature. 
If we try to build a «super » device, we must adhere to inhumanely close tolerances 
to produce the rapid and steep variations in phase and amplitude required along the 
aperture. This unfortunately means that supergaining must be paid for by the need 
to fabricate hundreds or thousands of units before one will be found with the desired 
characteristics. A general proof of this assertion will be found in the paper presented 
by Mr. Ruze (1). 

I would now like to comment on the question raised by Dr. ToRALDO with respect 
to the uncertainty principle, viz., what becomes of that principle when supergaining 
is allowed? Let me reverse the question and ask: just why do we think there is any 
connection at.all between the uncertainty principle and the limit of optical resolution? 
Many textbooks « deduce » the latter from the former, and this undoubtedly caused 
the query. But the « deduction » only works fortuitously, and, in my opinion, is not 
based on an inherent link between optics and the Heisenberg principle. 

We can see this in the following way: as soon as we are told that the q-space and 
the p-space of the canonical variables are related via the Fourier transform, the Hei- 
senberg principle immediately follows. It simply states that the product of the mo- 
ments of inertia in the two spaces is a constant. Now it so happens that in physical 
optics we also have a Fourier-transform relation, namely between the sin 0 of the 
Fraunhofer pattern and the wave number in the aperture. Consequently there results 
a moment-of-inertia relation (i.e. the limit of resolution) which is formally analogous 
to the uncertainty principle. We have a metaphoric relation between the two rather 
than an intrinsic: one, a circumstance already suggested by the fact that in the text- 
book deductions from the Heisenberg principle we may cancel out Planck’s constant 
in the very first step, a sure indication that our end-result cannot be deeply connected 
with quantum-mechanical notions. 

You will object and insist that Heisenberg’s principle must be applicable to the 
photon. ‘This is true, but then let us define the photon electromagnetically; and not 
from the approximate optical point of view. This is absolutely necessary in our 
problem, because as soon as we permit supergaining, we leave the domain of ordinary 
wave optics. The reason lies in the storage fields which cannot be defined in optics. 
To put it differently: the existence of surface waves implies that the wave number in 
the aperture is no longer restricted to the real domain, so that the moment-of-inertia 
relation changes entirely; we can limit sin @ at will, paying for it with rapidly increasing 
sidelobes in the imaginary region. If we now wish to ask what limitations the Heisen- 
berg principle imposes on the electromagnetically defined photon, we are led to a 
much more subtle problem than the relation we played with before. We are in fact in 
the field of quantum-electrodynamics, a different story altogether. 


— P. AIGRAIN: 


As regards Mr. ZucKER’s remark that the study of the light scattering experiment 
is not a good way to demonstrate Heisenberg’s principle, and that a good demonstration 
of this principles rests on the properties of the wave function, as such, one can say 
that there are two forms of Heisenberg’s principle. 

1) It is impossible to construct a wave function such that ApAq <#/2, the 
theorem referred to by Mr. ZuUucKER. 


(?) In this issue, pag 364. 


i 
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2) This is not a serious limitation in wave mechanics, because it is not possible 
to measure Ap and Aq with more precision anyway, even in the old quantum theory. 
The difficulty indicated by Dr. ToraLpo concerns this second form. 


— R. MALVANO: 


I may be wrong, anyway I think that all of the question proposed by Prof. TorALDO 
lies in the fact that we are only faced with a deduction from Maxwell’s equations; and 
from Maxwell equations we cannot deduce the Heisenberg principle because this prin- 
ciple starts from the finite value of the Planck’s constant h. In tho limiting case of 
h->0 we have no uncertainty principle. 


— P. AIGRAIN: 


It looks like one should look for the answer to Dr. TORALDO’s remark about Heisen- 
berg’s principle in the fact that super-directive pupils have a very high « Q » factor — 
that is small band width and a correspondingly long response time. 


— G. ToraLpo DI FRANCIA: 


It had not been my intention to discuss here the question of Heisenberg principle, 
which I considered only as a by-product of the preceding investigation. However, 
the many interesting interventions on the subject induce me to express my point 
of view. 

I quite agree with those who have remarked that the theory of optical resolving 
power cannot serve as a proof of the Heisenberg principle. As was pointed out, the 
simplest mathematical proof is that no wave function can have ApAq< #%. But let 
us suppose that we know the p of a particle and the p of a photon with an extremely 
high accuracy (no matter how uncertain their q’s must consequently be). The photon 
is scattered by the particle and enters a super-resolving microscope. There is a very 
high probability that the photon is absorbed by the coating of the pupil (high reactive 
power); still it is not impossible that it goes into the central maximum and is revealed. 
What happens in this case? The Ap of the particle after the collision is practically 
that of the photon, the q can be read off in the microscope, and we have Ap4q < ht 
How are we to interpret the result of this experiment? 3 

Something must certainly be wrong, because the uncertainty principle is beyond. 
question to-day and a single exception would be sufficient to invalidate it. The way 
out of the difficulty may be looked for in more than one direction. Some possible 
explanations have already been mentioned in the preceding interventions. I should 
want to add that perhaps Kirchhoff’s approximation is not sufficient for a super- 
resolving pupil. In that case the angular separation of two point sources would not 
necessarily be equal to the angular separation of their images; in other words the 
uncertainty in the position of a point source would not necessarily be equal to the 
dimensions of the diffraction pattern. 

However all these explanations need to be investigated in much more detail. 


— F. J. ZUCKER: 

The only safe way, in my opinion, to apply the uncertainty principle to photons. 
is to refer to quantum electrodynamics. For it is in this theory only that the attempt 
is made to apply the quantum principles of particle mechanics to the vector fields 
of electromagnetism. This leads to a quantization of the field variables, and it can. 
be shown that, in the general case, they are then no longer simple functions of space 
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and time but quantities which are canonically related and do not commute. I.e., if 
we pick any two of the canonical field variables, (electric or magnetic field strength, 
phase, momentum, etc.), it is no longer true that AB — BA = 0. The commutation 
function AB— BA = O (where C always involves Planck’s constant h) gives rise to 
the uncertainty relation 

AAAB>O. 


‘This equation, which is obeyed by the field variables in various possible combinations, 
has however no immediate physical significance. It does not imply, for example, that 
AE AH are always >O and therefore can never be known accurately. The reason 
for this is that the only E and H which can be measured are average values over a 
‘small space-time region. This is obvious if we merely consider that no matter how 
small the dipole length, it is still finite. To obtain relations for these average values, 
the uncertainty equation (in operator form) must be integrated. The result depends 
on whether or not the space-time regions of 4A,, and AB,, can be connected by a 
light signal. If they cannot, then 4A4,y, and 4B,,. commute and are thus not limited 
by an uncertainty relation. This will be the case, for instance, if we measure two 
linear components of the # or H field at the same time but in different locations; or 
if we measure a component of E and a component of H at the same point but not in 
the same moment. 

The upshot is that I have not been able to find a case relevant to diffraction field 
probing in which quantum electrodynamics imposes a limitation on the attainable 
‘accuracy of measurement. 

It seems to me therefore that the answer to Professor ToRALDO di FRANCIA’s question 
as to what becomes of the Heisenberg principle when «super-resolving » is allowed 
should be: Nothing, since the only correct, quantum-electrodynamical version of this 
principle imposes no relevant restrictions on resolving power to begin with. 
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Les récepteurs rétiniens et les microondes. 


G. TorRALpo DI Francia et L. RONCHI 


Istituto Nazionale di Ottica - Arcetri, Firenze 


Il est bien connu que la rétine humaine présente une très remarquable 
directivité de réception. Cet effet, découvert il y a une vingtaine d’années par 
SriLes et CRAWFORD a formé le sujét de nombreuses études expérimentales et 
de quelques tentatives d’interprétation théorique. L’une de ces dernieres est 
basée sur une comparaison entre les récepteurs rétiniens et des microantennes (I 
Le diamétre d’un cone ou d’un batonnet étant de l’ordre de quelques longueurs 
donde, ces récépteurs doivent présenter le méme effet de directivité qu’une 
antenne diélectrique présente aux microondes. Cette interprétation semble 
étre confirmée par l’observation d’un très probable maximum secondaire (?*) 
et par les expériences de JEAN et O’Brien (45) sur des modèles artificiels 
de cones, excités par les microondes. 

On sait que les antennes pour microondes présentent une directivité non 
seulement en réception, mais aussi dans le scattering. C'est ce que nous avons 
cherché & vérifier dans le cas des récepteurs rétiniens. 

Les direction de scattering qui passent par la pupille de l’oeil forment avec 
la normale à la rétine des angles trop petits pour qu’elles nous puissent donner 
des résultats utils. En effet, il est facile, en raisonnant sur la matrice de seat- 
tering, de voir que les directions où le scattering est plus important sont en 
général celles qui correspondent è une réceptivité moindre; et le diagramme 
de STILES et CRAWFORD nous dit d’autre part que ces dernières sont les direct- 
ions les plus inclinées par rapport à la normale a la rétine. 

Tl ne saurait donc étre question d’employer Vobservation ophthalmoscopique. 
Par conséquent nous avons fait nos expériences sur des yeux énucléés, en 


G. Torano DI Francia: Journ. Opt. Soc. Am., 39, 324 (1949). 
FP. FLaMmaNT et W. S. Strives: Journ. Physiol., 107, 187 (1948). 
G. ToraLpo pi Francia: Proc. Phys. Soc., B 62, 461 (1949). 

J. N. Jean et B. O'BRIEN: Journ. Opt. Soc. Am., 39, 12 (1949). 
B. O'BRIEN: Journ. Opt. Soc. Am., 41, 882 (1951). 
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éclairant la rétine par la pupille et en observant la lumière diffusée 4 travers 
une fente méridienne, coupée dans la paroi de l'oeil. 

Evidemment la précision de ces mesures ne saurait pas étre très grande. 
Cependant la directivité que nous avons observée est si remarquable que méme 
notre erreur expérimentale n’a pas beaucoup d’importance. La lumière diffusée 
sous un angle de 70° (par rapport à la normale) est environs quatre fois plus 
intense que celle diffusée è 35°. Il ne peut done subsister aucun doute que le 
scattering de la rétine est fortement directif. 


INTERVENTI E DISCUSSIONI 


— J. Sion: 

Je voudrais faire deux observations. 

(1) Une antenne cierge diélectrique ne fonctionne correctement que si elle est 
dégagée. Il se forme en effet une onde de surface se propageant 
le long de la ligne. Le champ décroit depuis le centre le long d’un 

e n rayon, le volume intéressé est un cylindre de hauteur égale a celle 
ia de la tige et de base une surface circulaire de valeur S telle que 
G ~ 478/34? (G gain de l’antenne). S est appelé souvent surface de 
captation ou surface équivalente d’antenne. 


(2) Puisque les cònes sont juxtaposés, on ne peut parler d’an- 
tenne diélectrique du point de vue classique. Ne-pourrait-on pas 
simplement considérer ensemble comme des cornets diélectriques 
juxtaposés, ne rayonnant que par leurs surfaces terminales? 


— G. ToraLpo DI FRANCIA: 

Je suis, en principe, d’accord avec votre critique; c'est pourquoi j'ai moins con- 
fiance que B. O’Brien dans une vérification expérimentale quantitative. Toutefois, 
la présence d’autres cònes à còté du cone considéré, peut bien en modifier la directi- 
vité, mais pas la détruire; elle pourrait méme l’aider. Par conséquant la théorie des 
microantennes, qui, 4 mon avis, a un caractère qualitatif, garde toute sa valeur. 


— J. M. OrERO y NAVASQUES: 

In the discussion about Dr. TorALDO DI FRANCIA’s theory on the socalled Stiles- 
Crawford effect was pointed out, that a difficulty could arise from the fact that coupled 
antennas as the eye-photoreceptors should be, will not show the directional effect. 
I emphasized the fact that in the two kinds of photoreceptors of the human eye: rods 
and cones, the rods are coupled in battery (many of them to one nerve) and in the 
pure rod vision there is not a Stiles-Crawford effect. On the other hand there exists a 
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histological and physiological evidence that in the fovea, at least in its central part are 
cones connected one by one with the nerve terminals. So physiology and histology 
support completely Toraldo’s and O’Brian’s theory. 


— J. BENOIT: 

Les propriétés d’une antenne diélectrique varient rapidement avec la longueur 
donde. Or, dans le cas de l’ceil, le domaine de longueurs d’onde couvert est relativement 
large; comment varient les phénoménes rétiniens décrits par M. TORALDO DI FRANCIA, 
en fonction de la fréquence? © 


— G. ToraLpo DI FRANCIA: 

En effet, le diagramme de Stiles-Crawford dépend de la longueur d’onde. En ce 
qui concerne le scattering nous avons jusqwici employé seulement de la lumière blanche, 
mais nous nous proposons de répéter l’expérience en lumière monochromatique. 


SUPPLEMENTO AL VOLUME IX, SERIE IX DEL NUOVO CIMENTO N. 3, 1952 


Some recent Developments in Microwave Diffraction. 


F. J. ZUCKER 


Air Force Cambridge Research Center - Cambridge, Massachusetts. 


Some progress has been made recently in beginning to bridge the gap 
between optics and microwaves. Most of this has come about through studies 
in microwave diffraction, both theoretical and experimental. I will limit this 
outline to developments in the United States and Canada. 


1. — Experimental Work. 


One of tbe main contributions which microwaves can make to optics lies 
in the investigation of aperture fields. These cannot be probed at optical fre- 
quencies, and yet their knowledge is crucial for a number of investigations, 
such as the experimental checking of improved diffraction theories. 

As an example of this, we may mention the work of Prof. G. A. WoontTon 
and his group at McGill University in Canada, performed under contract 
with A.F.C.R.C. Continuing and expanding the work of C. L. ANDREWS (1) 
(General Electric Co.), this group has accumulated many further data on aper- 
ture fields. The results verify the Andrews hypothesis within certain limits. 
This means that any successful diffraction theory will have to result in nume- 
rical values close to those predicted by Andrews’ ad hoc hypothesis of aon- 
singular radiating edges. The theoretical implications of this hypothesis have 
been touched on previously in this Symposium (?). In its present form, the 
hypothesis is theoretically untenable, but possibly ene could transform it in 
such a way as to preserve its essential simplicity, while at the same time 
satisfying the condition of quadratic integrability and thus placing it on a 
sounder basis. 


(1) C. L. ANDREWS: Journ. Appl. Phys., 21, 761 (1950). 

(2) Cf. Discussion following paper entitled Methods of Light Optics for the Calcu- 
lation of the Diffraction Phenomena within the Range of Centimeter Waves, by H. Se- 
VERIN, in this issue, pag. 381. 
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Next to the aperture, the field in the vicinity of a focus is of great impor- 
tance, Here again, microwaves can be of service to optics by clarifying the 
electromagnetic aspects of the focal field, both with and without aberrations. 
No one has as yet extended the scalar treatment of the Zernike school (3) to 
electromagnetic waves. The mathematical relation between the field in the 
neighborhood of a focus and in the far-Fresnel and Fraunhofer region (*) 
indicates that this study would have practical application, because desired 


‘ diffraction patterns can be obtained by manipulations in the focal region instead 
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of through the control of phase and amplitude in the aperture. C. SLETTEN 
of our Laboratory has successfully performed experiments using a multiple 
horn feed with phase and amplitudes so adjusted as to reduce the side lobes 
of the uncorrected pattern to a minimum (OZ) 

To facilitate the collection of aperture and focal data, a phase and 
amplitude plotter was recently designed at A.F.C.R.C. by a group under R. M. 
BARRETT. It plots phase fronts independently of amplitude variations over 
60 db, and amplitude contours independently of phase. Fig. 2 shows the 
interference pattern of two point sources. The 180° phase reversal between 
fringes is easily identified. 

A final item of experimental interest is the development of artificial die- 
lectrics for microwave lenses. The early work by W. Kock of the Bell Tele- 


(3) B. R. A. Nissoer: Physica, 10, 679 (1943); 13, 605 (1947); 14, 590 (1949) 
(with K. NIENHUIS). 
(4) F. J. ZUCKER: paper delivered at the I.R.E. National Convention, 1951. 
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phone Laboratories on arrays of spheres, rods, etc., has been extended by 
several workers (5). 


The group under Prof. Woonron at Me Gill University 


is tackling the problem from another angle, by developing a foamed dielectric 
containing fine aluminum flakes in suspension. 


(5) W. M. SHarpLESSs: Proceed. of the I.R.E., 39, 1389 (1951). 
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2. — Theoretical Work. 


A table has been prepared to display the present state of microwave dif- 
fraction theories: 


Geometric Optics ini ; 
Hamiltonian (eikonal) 
Parageometrie (TORALDO) 


Interference Optics - 
Fourier transform (SPENCER) 


FRESNEL 

Modified Kirchhoff (SOMMERFELD) 

Scalar Wave Equation Variational (SCHWINGER) 

Integral equations, separation of vari. 
ables, many-valued functions, ete. 


High freq. 
+ 


Vector Huyghens (S-C, L-7) 


Vector Wave Equation i 
Integral equations, etc. 


KOTTLER, SCHELKUNOFF 
Variational 

Integral equations (0-8), ete. 
Laplace transformation 
Network representation 


Electromagnetic Field 


Quasi-static 


——_—, — — n 


Si A.C. Circuits ; x 

2 Kirchhoff’s equations 
e D.C. Circuits Ohm’s Law 

2 

= Statics Laplace’s equation 


The various «levels » are arranged in a sequence of steps beginning with 
ordinary geometric optics at the top (the high frequency end), and terminating 
with electro- and magneto-statics at the bottom (low frequency end). In 
the middle we find electromagnetic theory itself, which the levels above and 
below are intended to approximate in various degrees. The approximation 
to rigorous field theory becomes successively worse as we move out from the 
center, but nonetheless each level is quite satisfactory in its own frequency 
domain, Maxwell’s equations have not pusbed the older theories into oblivion, 
but merely rearranged them as parts of a larger whole and labelled them 
« approximations » to the general case. Their importance even today lies in 
the fact that few practical problems can be solved through the direct and rigorous 
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application of Maxwell’s equations, whereas the approximations of geometric 
optics or circuitry can handle an immense number of them. We seem to gain 
in abstractness only at the expense of a diminished range of applicability to 
concrete problems. 

Let us comment briefly on recent progress made at the various levels. 
Geometric optics is much used in microwave applications, sometimes in rather 
novel ways. A case in point is the Symposium paper by K. Kunz, in which 
optical systems are transformed into equivalent parallel-plate structures. Other 
examples would be the adaptation of the classical Schmidt corrector to micro- 
wave scanners (H. N. CHAIT of the Naval Research Laboratory), aud the 
many reflector shapes that have been computed to produce specified beam 
shapes. The great variety of work with microwave lenses falls in the same 
category (°). 

The elegant « parageometric optics » of Prof. TORALDO DI FRANCIA includes 
certain diffraction phenomena within the pattern of geometrie optics, through 
an extension of the law of Malus. This procedure is about on a level with 
the Fourier transform method first suggested by MIcHELSON and since deve- 
loped especially by Dr. R. C. SPENCER, who is Chief of the Antenna Labor- 
tory at A.F.C.R.C. In both cases we deal essentially with the Fraunhofer 
(or far-field) pattern. An important contribution to the work with Fourier 
transforms is volume 22 of the Harvard Computation Laboratory, « The 
Function (sin ®)/® and its First Eleven Derivatives », with an Introduction 
by R. C. SPENCER. These derivatives are used in computing the transform 
when the aperture illumination is given in the form of a power series. 

Physical optics, symbolized by the scalar wave equation, is arranged in 
a series of steps of increasing rigor, beginning with the Fresnel integrals and 
Sommerfeld’s version (using the Green’s function) of the classical Kirchhoff 
integral. The fruitfulness of the Schwinger variational method has proven 
itself in a number of recent papers on diffraction and scattering. This method 
is listed here before the completely rigorous level of the separation-of-variables 
method etc. because it cannot describe fields within the aperture itself. 

The vector wave equation (?) stands for the level of the Stratton-Chu and 
Larmor-Tedone formulas, i.e., the vector version of the scalar Kirchhoff in- 
tegrals. They suffer the same difficulty concerning boundary conditions, and 
fail to satisfy the electromagnetic impedance requirements. This latter short- 
coming is shared by some supposedly rigorous integral equation treatments 
which lead to solutions of the vector wave equatiou that fail to satisfy Maxwell’s. 
equations. 

Solutions of the electromagnetic field equations themselves begin with 


(*) J. Ruze: Proceed. of the I.R.E., 39, 697 (1951). 
(7) D. E. SPENCER: Journ. Appl. Phys., 22, 386 (1951). 
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improved versions of Kirchhoff-type integrals (8). An important advance on 
the uniqueness and existence of a solution for the diffracted electromagnetic 
field has recently been made by SAUNDERS (°) of the University of California. 
The solution is completely defined by specifying the tangential electric field 
component over the inner boundary and satisfying the radiation condition at 
infinity. The existence theorem is not yet in complete form. This topic is 
closely related to the Copson-Silver integral equation treatment of Maxwell’s 
equations which would represent the ultimate in electromagnetic rigor if it 
were not for some recent investigations by M. CERILLO (!°) which show that 
the Laplace transform must always be used in specifying physically possible 
initial and boundary conditions in the typical space-time radiation problem. The 
integral equation technique has been much developed by Prof. KLINE'S group 
at New York University, working under contract with A.F.C.R.C. They have ap- 
plied the method to scattering and diffraction problems, with particular emphasis 
on tropospheric and ionospheric propagation, scattering from cones and wedges, 
and diffraction gratings. On the low-frequency side of the Laplace-transform 
«pinnacle of rigor », I list the network representation of radiation problems, 
due to the work of SCHELKUNOFF and others. This method is well suited not 
only to transmission-type problems, but to diffraction phenomena as well. 
N. MARCUVITZ (1!) has analyzed the plane wave scattering by two displaced 
semi-infinite planes in terms of a network formalism that is equivalent to the 
Fourier transform procedure employing the Wiener-Hopf technique. 

The lowest frequency level at which we can still speak meaningfully of 
diffraction is that of the quasi-static techniques. These have been developed 
especially at the Stanford Research Institute in California (12:19). 

In conclusion, let us compare the high and low frequency approximations. 
At both ends, in geometric optics and in statics, we have lost the time variable 
from the field equations. Going not quite so far, we compare the high frequency 
wave equation with low frequency circuit theory. The latter has lost the 
Spatial properties of the field equations by condensing them into lumped impe- 
dances. The former contains both space and time variables, but lacks the 
impedance concept. Starting with the Kirchhoff circuit equations; we have 


(8) S. A. SCHELKUNOFF: Communications on Pure and Applied Mathematics, 2, 
43 (1951). 

(9) H. K. SAUNDERS: Proceed. of the Nat. Ac. Sci., 38, 342 (1952). 

(30) At the Massachusetts Institute of Technology: unpublished. 

(2) N. Marcuvirz: Transactions of the I.R.E. Professional Growp on Antennas and 
Wave Propagation (August, 1952). 

(12) C. T. Tar: Transactions of the I.R.E. Professional Group on Antennas and Wawe 
Propagation (February, 1952). 

(13) J. T. BOLLJAHN: Transactions of the I.R.E. Professional Group on Antennas 
and Wawe Propagation (June, 1952). 
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a rather easy job of raising this technique to the level of Maxwell’s equations: 
We must allow the impedances to be a function not only of the « time-fre- 
quency» © but of the «space frequencies » k as well. On the other hand, 
starting with the wave equation we generalize our technique through the intro- 
duction of inhomogeneous waves along all apertures and discontinuities. This 
method really amounts to smuggling the impedance concept into the waves 
equation. No such simple device for raising ourselves by our own bootstraps 
is known for geometric optics and statics. The field equations can be linked 
to their extreme approximations only through asymptotic expansions whose 
first term is the geometric optics or statics solution itself. The high-frequency 
expansions have received particular attention in recent years, with tbe group 
at New York University developing the original work of R. K. LUNEBERG (14). 
His series is in descending powers of k, the coefficients depending on discon- 
tiruities-in the pulse solutions. These discontinuities can be calculated from 
a recursive set of ordinary differential equations, without requiring a know- 
ledge of the full pulse solution itself. At the present time, this method is being 
applied to compute the electromagnetic field in the vicinity of caustic surfaces. 
Despite its great mathematical difficulties, the Luneberg technique represents 
a hopeful attempt to link geometric optics with microwaves in a direct way, 
without the intermediary of the wave equation. 


(14) M. KLINE: Communications in Pure und Applied Mathematics, 4, No. 2-3 (1951). 


INTERVENTI E DISCUSSIONI 


— A. MARECHAL: 


Il est a remarquer que la nécessité d’utiliser le caractère vectoriel des ondes et 
d’abandonner l’approximation scalaire n’est pas liée a la valeur de la longueur d’onde 
mais plutòt a ouverture angulaire du faisceau. Ainsi la formation des images dans 
le microscope doit étre traitée en tenant compte du caractére vectoriel des ondes malgré 
la petitesse de la longueur d’onde. 


— G. H. HULL, jr.: 


Dr. Zucker pointed out the differences and discrepancies in diffraction theory as cal- 
culated in the optical and microwave region. From an experimental point of view of 
a physicist, the conference has shown two large problems to exist. First, as Prof. TowNES 
pointed out, there are no generators for electromagnetic radiation between 0,1 and 
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4 mm. This is a most important problem and its solution is necessary if further studies 
on the properties of matter are to be made in this region. When generators for this 
region are obtained, then we approach the problem of experimental technique. Evi- 
dently a competition between waveguide technique and optical technique will arise 
in this wavelength region (0,1 to 6 mm). It may very well be that a combination of 
both optical and waveguide technique will evolve. This should be very interesting, 
and even with the present available microwaves one can begin studies for the com- 
bination of optical and microwave technique which later can be scaled down when 
the region 0,1 mm to 6 mm is bridged. 
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1. — Introduction. 


Surface waves are closely connected with optics as well as microwaves. 
Attention was first drawn to them in connection with a purely optical pheno- 
menon: in 1902, Woop (*) had discovered anomalies in the spectrum of certain 
diffraction gratings, and five years later Lorp RAYLEIGH (?) gave a tentative 
explanation in terms of surface waves propagating in a direction normal to 
the rulings. Since that time, the Wood anomalies have received renewed 
attention at intervals, notably by UGo Fano (3) in 1938 and, most recently, 
by HARVEY PALMER (4) and VicToR TWERSKY (5). 

When surface waves were first used in the microwave region, in connection 
with dielectric rods, leaky waveguides and Yagi arrays, it was not recognized 
that these devices have anything in common with Wood’s anomalies. The 
first to examine surface waves deliberately was G. TORALDO DI FRANCIA (5) 
(1942) who performed a number of microwave experiments in Florence to 
prove their existence and illustrate the role they play in diffraction. Two 
years later, C. C. CUTLER of the Bell Telephone Laboratories observed them 
on a corrugated sheet and calculated some of their properties. 

It is not easy to define a surface wave, and we will not attempt to give a. 
rigorous definition until later on in section 3. Let us specify merely that a 
surface wave is one which propagates along an interface between two media 


(1) R. W. Woop: Phil. Mag.; 4, 396 (1902). 

(2) Lorp RAyLEIGH: Phil. Mag., 14, 60 (1907). 

(3) U. Fano: Ann. der Phys., 32, 393 (1938); Journ. Opt. Soc. Am., 31, 213 (1941). 
(4) C. H. PALMER: Journ. Opt. Soc. Am., 42, 269 (1952). 

(9) V. Twersky: Journ. Appl. Phys., 23, 1099 (1952). 

(©) G. ToraLpo DI FRANCIA: Ottica, 7, 197 (1942). 
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differing from each other either in their material constants, or in that one 
of them is continuous while the other is periodically structured, or in both. 
Because of the wave equation, we know that the Pythagorean relation 


rar+Tt, 
holds in both media. The propagation constants T' are of the form 


Pr=«-+ ip, 


where « is the attenuation, and $ the phase constant. This relation is illu- 
strated in fig. 1, with the hypothenuse always formed by the value of the 
propagation constant in the infinitely 
extended medium. The transverse pro- 
pagation constants need not lie in the 
plane of the paper, since they themselves CA 
may be the resultant of a propa- 
gation constant normal to the direction 


of propagation as shown, and another MUTE 5 
that is perpendicular to the plane of 
the paper. This latter arises if, for The Ta 


example, the surface wave is confined 
in a channel formed by two metal walls 
parallel to the direction of propagation. 
The surface wave of fig. 1 is given by 


exp [jot — (Ia + 1I9)], 


and we note the important fact that the Pythagorean relation defines the sur- 
face propagation constant I’, as soon as the transverse characteristics are 
specified. 

If there is no loss in the system, then T and I, are both imaginary, and TRS 
is consequently a pure attenuation. The wave described by the expression 


exp [— ae + j(ot— Be) 


is then the simplest example of a surface wave along a plane interface. It is 
an inhomogeneous plane wave, i.e., the planes of constant phase (normal to 
the interface) and the planes of constant amplitude (parallel to the interface) 
do not coincide. Since 


— B* = an Be» 
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it is clear that f, is larger than #. In other words, the surface wave along the 
loss-less interface must be slower than the wave in the infinitely extended 
medium. In the language of the electrical engineer, this means that the inter- 
face acts like an inductive load. If losses are present, however, the surface 
phase velocity may exceed that in the adjacent media. 


2. — A Survey of Surface Wave Types. 


There are two sorts of surface waves: forced and free. These are terms 
usually encountered in the theory of resonance, and it is not clear what they 
should have to do with travelling waves. We will justify their usage in 
section 3. For the time being — and indeed throughout this section —, we 
intend only a qualitative discussion. Forced waves, by analogy with a re- 
sonant cavity, are those which exist by virtue of a source located in finite 
space. They are driven by the source, and constitute part of its total field. 
Free waves, on the other hand, exist even in the absence of sources anywhere 
in finite space. They correspond to the self-oscillations of the closed cavity. 
As in the theory of resonance, the propagation constants / and J", of the free 
waves depend on the geometry of the interface along which they propagate, 
and on the e, “x and o of the two adjacent media. The propagation constants 
of the forced waves, on the other hand, depend in addition on some character- 
istic of the source. As an example, consider the surface wave which arises 
in total internal reflection. Its propagation constant along the surface is 
given by 


bs = oY enfty sind, 


where © is the frequency, and è the angle of incidence of the totally reflected 
ray in medium 2. The dependence on the angle of incidence shows the pro- 
pagation constant to be a function of source location and the surface wave 
is therefore of the forced type. As another example, consider the wave along 
a thin dielectric slab placed on a metal sheet. Its propagation constant is 
given by 


Baw ove, tl + an d®w*(1— e,/€)°| , 


where subscripts 1 refer to air and 2 to the dielectric slab (thickness d). No 
source characteristics enter this expression, and we are dealing with a free wave. 

The distinction of greatest use to the microwave engineer is that the forced 
waves are merely a partial aspect of the total source field, while the free waves 
are detached from the source, as it were, and propagate along the single sur- 
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face as transmission line modes. They follow gentle bends and torsions in the 
surface as if they were waves inside a coaxial cable or a hollow waveguide. 
The theory of free surface waves has therefore much in common with ordinary 
waveguide theory; it extends our knowledge of energy transmission by con- 
ventional, shielded wave guides to open (unshielded) structures. 

Several examples of forced surface waves are displayed in fig. 2. The best. 
known is the surface wave which accompanies total internal reflection, and 
which represents the energy that penetrates 


into the medium with smaller index of re- A 
fraction. The same picture applies to me- LA, 
tallic reflection; in this case, the surface wave ‘ 

© © 


propagates in the medium with the higher 
index of refraction. A discussion of both cases 
can be found in Max Born’s Optik. Total in- 
ternal reflection in single as well as multiple 


layers has been analyzed in great detail by AR- de 


Controversial. 


ZELIERES (@):. Zenneck wave Sommerfeld wave 
Surface waves arise on the shadew side of the Refraction (Brewster's angle) 
sereen in all cases of diffraction. Their existence 


’ È Fig. 2. — Types of surface wa- 
is demonstrated most simply by use of the Fou- yes I. Forced waves (conti- 


rier integral (8). A continuous spectrum of these —nuous spectrum; radiation): 
waves runs in all directions in the aperture  ) metallic and internal reflec- 
plane. No particular physical significance at- tion; 3) aperture diffraction. 
taches to the individual surface wave, but the 
set as a whole represents the electromagnetic storage fields in the aperture 
region 

Fig. 2 lists two further examples, concerning which there has been much 
controversy. Both involve the existence of surface waves along a conductor 
with loss.. Both, too, are waves whose phase front is incident at Brewter’s 
angle. When ZENNECK first proposed his wave some fifty years ago (°), he 
intended it to explain long-range radio propagation. It soon became apparent 
that ionospherie reflections constitute the true mechanism of long-range pro- 
pagation. Experiments have consistently failed to show the existence of a 
ZENNECK wave in the field of ordinary radio antennas. Its theoretical exi- 
stence, however, has been debated in innumerable articles, including several 
recent ones by T. KAHAN (1°) who is a participant in this Symposium. The 


(?) H. ARZELIÈRES: Rev. d’Optique, 27, 205 (1948). 

(8) H. G. Booxer and P. C. CLemmow: Journ. Inst. Elect. Engs., III, 97, 11 (1950). 

(9) J. A. STRATTON: Electromagnetic Theory (New York, 1941). 

(1°) T. Kanan and G. ECKART: several articles in successive issues of the Archiv 
d. Elektr. Ùbertr., 5, (1951). See also articles by H. Orr in these issues. 
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controversy usually revolves around whether or not a surface wave component 
can be meaningfully separated out from the total field: The mathematical 
problem is quite complex, but the fundamental question, from our point of 
view, is whether the ZENNECK wave is forced or free. If it is forced, its 
separability or non-separability from the total field is a matter of formal mani- 
pulation and of little consequence. If it is free, hovewer, then it is always 
meaningful to separate it out and to attempt exciting it by sources more suitable 
than conventional radio antennas. For reasons which will be indicated in 
section 3, I believe that 
the Sommerfeld and Zen- 
neck waves are free mo- 
des. Preliminary experi- 
ments performed at our 
Laboratory indicate that 
the Sommerfeld wave can 
be excited on a lossy wire 
and will be guided by it 
around gradual bends. 
No experiments have as 
yet been performed with 


LEP eS the Zenneck wave, but 
YUE p MEET the two differ from each 
other only in being the 

D @ ® cylindrical and plane ver- 
sion, respectively, of the 
same basic wave type, 
i.e., the  inhomogeneous 


Smooth Interface Periodic Interface 


“leaky” structures 


“open” structures 


Fig. 3. — Types of surface waves II. Free modes 
(discrete spectrum; transmission). 
a) channel guide; 6) slotted guide; ¢) Goubau wire 


(dielectric rod); d) helix (rings); e) corrugated rod; Brewster’s angle wave. 
f) slab («ducts»); g) wire grid (Yagi); h) diffraction The chief structures 
GRADIRE: capable of supporting free 


surface modes are shown 
in fig. 3. Im the first column are the waveguides with smooth interface, in 
the second (and third) column are those with periodic interface. The first 
row is labeled «leaky » waveguides. This refers to conventional (shielded) 
waveguides which are coupled to space through a continuous or through pe- 
riodic slots. Both of these types are familiar since the days of World War II. 
Detailed investigations of the long slot have been performed recently at Ohio 
State University (under Prof. V. RUMSEY), while the discrete slot arrays have 
been examined at the Hughes Aircraft Company and elsewhere in the United 
States, as well as abroad. The characteristics of the types are best calculated 
as a perturbation problem, starting with the undisturbed modes in a com- 
pletely closed waveguide. 
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Our main interest in this paper centers on the truly open structures, dis- 
played in rows 2 and 3. The rows differ only in that they show the cylindrical 
and plane version, respectively, of the same basic types. The first is a di- 
electrie rod with a wire core. A large number of modes can be excited on this 
structure, and these have recently been calculated by a group working under 
Prof. BEAM at Northwestern University. When the dielectric mantle is thin, 
we have the now famous case of the GOUBAU (1) wire, the novel method of 
microwave transmission developed during the past few years. If, conversely, 
the conducting wire shrinks to zero, we have the ordinary delectric rod which 
has long been used as microwave antenna and, in optics, as a conductor of 
ordinary light into inaccessible regions inside the human body. Instead of 
the dielectric, a ferrite rod could be used. Calculations have been made by 
us which show that the free mode characteristics are about the same on both, 
with the ferrite rod having the advantage of smaller size at a given frequency. 

The plane equivalent of the dielectric-covered wire is the slab shown in 
row 3. It may be backed by a metal wall, or surrounded on both sides by 
a dielectric with lower index of refraction. When the dielectric constant in 
the slab varies across its thickness, we have the configuration responsible for 
the «ducting » phenomenon in tropospheric propagation. 

The second type of open waveguide is exemplified by the helix and the 
corrugated rod. Surface waves are propagated on these structures by virtue 
of the interface periodicity. Instead of a helix, we can use evenly spaced 
rings supported on a dielectric rod. Or, following MUELLER (!°), we can 
sheathe the rod in fairly complicated patterns of conducting strips, obtaining 
a variety of surface wave propagation characteristics. An open waveguide 
with variable phase velocity can be built by inserting a ferrite core inside the 
helix and controlling the core permeability by means of a direct current sent 
through the helix wire. 

The corrugated rod is usually an all-metal structure. It was first analyzed 
at our Laboratory (13). The eomplementary construction, a corrugated di- 
electric rod, is most useful in the modified form in which beads of high dielectric 
constant are mounted on a low-dielectric connecting rod (cf. section 4). 

The plane equivalents of the helix and the corrugated rod are the wire grid 
and the diffraction grating, respectively. Surface, waves on grids have been 
discussed by MACFARLANE (14). Surface waves on diffraction gratings have 
already been mentioned as giving rise to Wood’s anomalies. 

Approximate equivalence relations hold between the smooth structures 


(11) G. GouBau: Journ. Appl. Phys., 21, 1119 (1950). 

(12) G. E. MUELLER: Proc. I.R.E., 40, 71 (1952). 

(13) W. Rotman: Proc. I.R.E., 39, 952 (1951). 

(14) G. G. MACFARLANE: Journ. Inst. Elect. Engs., III A, 93, 1523 (1946). 
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and the periodic. Given a perfect conductor of radius r and a surrounding 
ferrite mantle of thickness t, the fundamental mode set up will have appro- 
ximately the same characteristics as the fundamental mode on a sequence of 
rings, spaced a distance d apart and mounted on a ferrite core of radius 7’, 
provided the following relationship holds: 


SN, 
1 €) 27 lroa Hi d CO 


where subscripts 1 refer to the outside medium (air), and subscripts 2 to the 
mantle and core, respectively. Similar relations exist if other structures are 
compared, such as a rod and a helix (15), or a dielectric tube and a corrugated 
rod. These relations have not been obtained by some unified way of reason- 
ing, but by comparing the end results of calculations made for each separate 
structure. Occasionally it is possible to translate a structure capable of sup- 
porting TM waves directly into a complementary structure supporting TE 
waves of the same characteristics. 

The open waveguides of fig. 3 have much in common. The total field 
excited on them can always be split into two parts: the free modes which 
propagate as on a transmission line, and the remainder field which is simply 
the free-space radiation field of the source modified by the presence of the 
waveguide structure. The field of a dielectric rod fed by a hollow cylindrical 
waveguide, for example, consists of all the free waves on the rod, plus the 
spherical wave radiated from the mouth of the hollow waveguide and refracted 
by the dielectric rod which partially lies in its path. These two fields are 
orthogonal to each other. 

In the theory of conventional (shielded) waveguides, we have one or more 
free modes which propagate transmission-line fashion, and in addition a set 
of evanescent modes excited in the vicinity of sources and of discontinuities 
in the line. These two fields are also orthogonal to each other. The analogy 
between open and closed waveguides is therefore clear: a discrete set of free 
modes propagates on both, and in addition there is a remainder field made 
up of an infinite set of evanescent modes in the closed guide, and of a con- 
tinuous spectrum on the open guide. The first represents stored (reactive) 
energy, and the second a radiating wave. 

On a lossless open structure, the transmission line modes do not attenuate 
in the direction of propagation, while the radiation field decreases inversely 
as the distance from the source. At large distances, therefore, the field of 
the transmission line modes predominates in the vicinity of the waveguide. 


(3) H. KADEN: Archiv. d. Elektr. Ubertr., 5, 399 (1951). 


bare 3, 


THEORY AND APPLICATIONS OF SURFACE WAVES 457 


In the presence of small losses, on the other hand, the transmission line modes 
attenuate at a slow exponential rate. This means that they will dominate 
the source field beyond a certain distance, as before, but ultimately they die 
out more rapidly than the radiated wave. The radiation field is then the only 
one to remain in the far field, and we see that Sommerfeld’s radiation con- 
dition is fulfilled for all open waveguides other than the (fictitious) lossless 
structures. 


3. — Theoretical Discussion. 


Free modes on open waveguides are best analyzed in terms of the syste- 
matized approach which MARCUVITZ and SCHWINGER introduced for the shielded 
cylindrical waveguide (1). They reduce the solution of the electromagnetic 
vector field problem to two subsidiary scalar problems: an eigenvalue problem 
in the plane transverse to the direction of propagation, which determines the 
transverse propagation constants and thereby, as we know from section 1, 
the entire free mode characteristics; and a transmission line problem for each 
mode amplitude in the longitudinal direction, which determines the magnitude 
and phase of the free wave propagating down the guide and reflected by 
the load. 

The second problem — that of the transmission line — is easily solved. 
There is only one essential difference between the conventional and the open 
line: an obstacle placed in a shielded guide gives rise to higher-order waves, 
all of which are free modes and either propagate or attenuate along the guide; 
on an open guide, hovewer, the higher order waves are free modes only in 
part. Thus only part of the scattered energy continues to be in guided form, 
and the rest is radiated off. : 

The first problem — determination of the eigenvalues — is easy or difficult 
depending on the nature of the boundary conditions. As we know from text- 
book treatments of electromagnetic theory, Maxwell’s equations reduce to the 
scalar wave equation in the transverse plane. Since the equation is homo- 
geneous, all of its solutions are free modes. They can be found in a variety 
of ways. The electrical engineer likes to note that the eigenvalue equation 
imposed by the boundary conditions is equivalent to a condition of trans- 
verse resonance. In other words, the impedance at the interface when looking 
up into medium 1, plus the impedance when looking down into medium 2, 
must add to zero. The eigenvalues correspond therefore to free oscillations 
in a two-dimensional resonant structure; this justifies our usage of the term 


(8) N. Marcuvirz and J. SCHWINGER: Journ. Appl. Phys., 22, 806 (1951). 
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«free modes ». The impedance of a TM wave looking into air is given by 


DL, 


. ’ 
JME, 


which is seen to be capacitive. To match it out, we require an inductive surface. 

As an example, consider a dielectric slab on metal. The lowest eigenvalue 
of the transverse wave equation, subject to the condition that the tangential 
electric and magnetic fields must be continuous across the interface, is given 
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by the following equation: 


tps ale, = V Bi — Bi — of, te (AVB— Bi — a8) 


The routine derivation of this expression is straightforward but lenghty. 
Instead, we write the reso- 
nance condition 


Xn Bua tg (dB nz) ’ 


JM Ey JW Es 


and note that our equation 
follows immediately on making 
use of the Pythagorean rela- 
tions in medium 1 and 2 so as 
to eliminate f,,. The formula 
for 6, on a thin dielectric slab 
has already been stated in sect- 
ion 2. It follows from our pre- 
sent equation by using the 
Pythagorean relation once more, 
and assuming d> f,. 

Fig. 4 displays the elegant 
variational method, due to 
SCHWINGER, which permits an 
accurate determination of the 
eigenvalues in fairly complica- 
ted regions. The dominant wave 
travelling inside the grooves is 
the simple TEM mode. The 
power flow downward into the Fig. 5. — Fields on corrugated rod. 
grooves is equated with the po- 
wer flowing up. If we write this expression in terms of the unknown tangential 
electric field at the interface, we can recast it in a form such that a first order 
error in the trial field produces only a positive second order variation in kd 
(k is the phase constant in free space). This establishes a lower bound on kd, 
while analogous use of a trial magnetic field at the interface establishes an 
upper bound. Calculations performed by W. LUCKE at the Stanford Research 
Institute have shown that the propagation constant is closely determined after 
a single try. 

The situation gets more complicated when the dielectric constant or the 
permeability vary in the transverse direction. This occurs in atmospheric 
ducts, for example, and obliges one to solve not the simple wave equation with 
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constant coefficient but Schrédinger’s equation of quantum mechanics. Every 
problem of electromagnetic waveguiding on transversely inhomogeneous struct- 
ures has a potential-wall analogue, and well known approximations such 
as the WKB method apply to the one branch of physics as well as the other. 

Our knowledge of the transverse and surface propagation constants allows 


HE; ¢=90,5; d/o = 0,5; 


us to construct the mode configuration. Fig. 5 illustrates the corrugated rod. 
Only the lowest order wave propagates on this structure, all the others being 
sharply attenuated by the copper losses. An interesting mode is shown on 
figs. 6a (electric field) and 6b (magnetic field) (*). This is a so-called hybrid 
wave, having both electric and magnetic longitudinal components. It pro- 
pagates on a dielectric covered (GOUBAU) wire, and has no cut-off frequency, 
just as the fundamental TM mode examined by GouBAU. All other modes 
are cut-off when the radius or the dielectric thickness are not large enough. 
Two more illustrations (1%) are given in figs. 7 and 8, showing comparison 
between experimental and theoretical results for dielectric-filled corrugations 
and a spirally grooved copper rod. These were made at our Laboratory. 

We mentioned at the end of section 2 that the free modes on an open wave- 
guide do not form a complete set of eigenvalues, a situation unlike that in 


(*) By kind permission of Prof. Bram of Northwestern University, and the U.S. 
Army Signal Corps under whose contract these figures were prepared. 
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shielded waveguides, where the eigenvalues are infinite in number and there- 
fore constitute a complete set. Consider an open cylindrical guide, for example. 
Its eigenvalues are given by the resonance condition 


(lin Jai) I) 


T? A®*(—j Ir) 


[ol nz J o(— SI not) 
Cera 


where r is the radius of the rod (medium 2), embedded in medium 1. 
H,(— j’yr) increases exponentially when the imaginary part of its argument 
(i.e., the transverse attenuation outside the 
guide) is negative. To satisfy the radiation 
condition, then, it is necessary to restrict our- 
selves to solutions with non-negative «,,. This 
immediately restricts the roots to a finite 
number. 

Application of the Pythagorean relations 
in the two media to the eigenvalue equation 
shows, furthermore, that no roots exist if I, 
is less than I,. This means that no free modes 
can be excited in a region with dielectric con- 
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stant less than that of the surrounding me- 
dium, such as an ionized layer in air. 

In a shielded waveguide, a propagating 
mode becomes evanescent below cut-off. 
ADLER has shown (7), however, that no eva- 
nescent modes can exist on an open guide, so 
that a propagating wave simply ceases to exist 
at cut-off frequency. This is merely another 
indication of the fact that the part of the 
solution which was formerly represented by 
the set of evanescent modes is still missing. 


8.5 9 3.5 10 10.5 n 


Ratio of guide wavelength to free space wavelength Ag/Ay 


free space wavelength Ap centimeters 
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Fig . be 


Dimensions: a = 0,960 in.; po = 
=0,245 in.; g/a = 0,209; d/po= 
=0,25; For Polystyr.: e = 2,56 
x Measured values; cor- 
rugations filled with dielectric. 
-—---- Theoretical values; cor- 
rugations filled with dielectric. 
. — -— Measured values; unfilled 
corrugations . 


In terms of the Green’s function associated 
with the boundary conditions, what we have determined so far is its discrete 
spectrum, while its continuous spectrum, representing the radiating remainder 
field mentioned in section 2, is yet to be calculated. This task is best per- 
formed in the plane of the complex propagation constant, or one of its 
simple transforms. 

In setting up the integral for the complete field, we choose a Green’s function 
appropriate to the source. By use of the Fourier transform, an integral ex- 


(1?) R. B. ADLER: Proce. I.R.E., 40, 339 (1952). 
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pression for the field at any point can then be found. The integrand has poles 
and branch points in the /-plane. By deforming the contour in a convenient 
manner, the integral is split into the sum of residues from the poles, plus a 
remainder term which is evaluated asymptotically by the saddle point me- 
thod (18-21). The poles occur when the denominator of the integrand is zero, 
and it turns out that their location coincides with the eigenvalues of the trans- 
verse wave equation. « Poles » and «free modes » are coextensive terms, there- 
fore. The remainder field depends entirely on the source distribution, except 
that its branch points always occur at J, and />. In some instances, the re- 
mainder integral can be split further, one 
term being identifiable as the local stor- 
age field of the source, while the other 
is evaluated in the far field, as before. 

By placing the branch cuts along 
ares of rectangular hyperbolae starting 
at the branch points and reaching to 
infinity along the real axis, a further 
observation can be made (18). No contri- 
bution is made to the remainder field 
unless the branch cut belongs to the 
outermost medium, i.e., the one which 
reaches to infinity. A dielectric rod, for 


Ratio of guide wavelength to free space wavelength Ag/Ag 


8500679 Ses example, appears to have two branch 
Fi velength A, imeti . 

RE IAA SARE cuts at first, one starting at I, and the 

Fig. 8. other at /.. The first, however, pro- 


Dimensions: a = 1,142 in.; po= 


; duces an integrand which is an even 
= 0,245 in.; gla = 0.25; d/p,= 0.25. 


; function of both J’,, and /,,, and thus 

x Measured values; spiralled È 
Ghenlan cylinder E, cap be shown to vanish. The second 
values; circular corrugated cylinder branch cut, evaluated at large distances, 
of fig. 7. gives the radiation field of the dielectric 
rod. If the rod is surrounded by a 
metal shield, this second branch cut disappears, too. In its stead, there 
appears a collection of poles, densely spaced along a line slightly below the 
former branch cut if the shield is several wavelengths in diameter, or less 
densely spaced and further removed from the former cut if the shield is of 
smaller radius. When shield and rod radius coincide, we have an ordinary 


G. M. Ror: Thesis Univ. of Minnesota (1947) (unpublished). 
C. T. Tar: Journ. Appl. Phys., 22, 405 (1951). 

OTT: Zeits. f. angew. Phys., 3, 123 (1951). 

M. WHITMER: Journ. Appl. Phys.; 23, 949 (1952). 
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dielectric filled waveguide, and the poles lie along the real and imaginary axis 
(evanescent and propagation modes, respectively). 

By analizing cylindrical structures in terms of their poles and branch cuts, 
we can make a continuous transition from the hollow cylindrical waveguide 
with perfectly conducting walls to the single wire conductor, including all 
types of open waveguide (with smooth interface) on the way. We begin with 
the dielectric-fillled cylindrical waveguide, and allow its walls to be real metal 
instead of a perfect conductor. The number of poles suddenly stops being 
infinite; in standard X-band guide, for example, there are some 103° of them. 
This number is still incredibly large, but the important point is that the set 
of free modes is no longer complete. We expect to find a (negligible) contri- 
bution from the branch cut corresponding to the lossy metal, since this medium 
extends out to infinity. As the conductivity of the outer medium is further 
reduced, the 7) branch point moves in from its high values in metal, until 
with zero conductivity outside it comes to lie on the imaginary axis. This 
represents the dielectric rod in air; all of its poles lie along the imaginary axis 
between the two branch points, in agreement with our earlier assertion to 
the effect that evanescent modes cannot exist on the open waveguide. If now 
the conductivity of the inner medium is allowed to rise, the inside branch 
point 7, moves off the imaginary axis. When the inside has become an ordi- 
nary wire, I, will be found at the point occupied by / in the case of the 
cylindrical waveguide with metal walls. A number of higher-mode poles 
cluster near J. One pole, however, remains near the imaginary axis, and 
this corresponds to the Sommerfeld lossy wire mode mentioned in section 2. 
When the wire becomes a perfect conductor, this pole falls right into. J: 
Physically speaking, this means that the mode has become fictitious in that 
its input impedance is infinite. 

The pole and branch cut method just described enables us to find the rela- 
tive amplitude of the set of surface waves excited by a given source, as well 
as of the remainder field. A rival method has recently been developed by 
GouBAU (22) whereby we can compute the surface wave amplitudes, though 
not the remainder field (except in some instances). It by-passes integration 
in the /-plane through clever use of the reciprocity theorem. Applications 
of this method to practical problems have yet to be made. 


4. — Surface Wave Experiments. 


(a) Measurements. — The properties of surface waves are measured much 
like those of any guided mode. Probes must be designed with chokes to pre- 


(22) G. Gousau: Proc. I.R.E.; 40, 865 (1952). 
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vent the probe arm from picking up the remainder field through which it 
invariably passes. Fig. 9 shows a typical setup for measurements along the 
corrugated rod. The termination is first matched into space, resulting in a 
standing wave ratio close 
to unity. The field along 
the line is found to vary 
rapidly in phase and am- 
plitude throughout the first 
few wavelengths from the 
source, as the direct radi- 
ation from the feed and the 
surface wave interfere con- 
structively or destructively 
with each other. With an 
efficient transition, the sour- 
ce field dies out rapidly, 
and the amplitude is fairly 
constant from then on, mo- 
ig. 9. dified only by a slight expo- 

nential decline due to heat 
losses in the copper. In the lower part of fig. 9 we see a disk large enough to 
reflect essentially all the powér along the line. This provides us with the mo- 
veable short required for conventional transmission line measurements of 
input impedance and of the 
effect of discontinuities pla- 
ced along the rod. These | 


n ci o PRIMARY SECONDARY 
discontinuities, as we ment- naDsarion RADIATION 

ioned in section 8, reflect 

the energy incident upon \ waveGUIDE 


them only in part as a guid- 
ed wave, the rest being ra- 
diated off in place of the 
evanescent waves which 
would arise in a shielded 
waveguide. This implies 
that discontinuities must 
be treated as si#-terminal Fig. 10. 
networks, not four. The 
effect of a small obstacle is much like that of a high-impedance slot in wave- 
guide walls, and the equivalent network parameters are determined in the 
same way. 

Fig. 10 shows phase contours obtained with the phase and amplitude plotter 
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GROUND PLANE ve 
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described in our paper on « Recent Developments in Microwave Diffraction » 


elsewhere in this volume. 


The direct radiation from the source is plainly 


visible, as are the phase fronts of the guided wave which lie at approx- 


imately ninety degrees to 
the amplitude contours. 
The three open wave- 
guides of fig. 11 are the 
corrugated rod, the cor- 
rugated strip, and the 
grooved spiral rod. Bi- 
nomial transformers effect 
a smooth transition from 
the waveguide to the 
strip and back into wa- 
veguide again. The cor- 
rugation depth is less 
than one-quarter of a 
wavelength, giving an in- 
ductive strip as required 
by theory. Structures of 
this sort are inherently 


Fig. 11. 


narro - wband, but periodic variations in groove depth ameliorate this condit- 
ion if desired. Theory is sufficiently far advanced to account for the effect on 
the mode characteristics of groove spacing, depth and thickness, as well as of 


the strip width. 


If a horn is placed near a dielectric sheet (fig. 12), some of the energy 
emerging from it is trapped by the sheet in the form of surface waves. This 


is much like what occurs 
in atmospheric ducting, 
except that the dielectric 
constant is a function of 
thickness in that case. 
WHITMER (2) has calcu- 
lated the trapping coef- 
ficient (i.e., the relative 
energy abstracted by the 
surface modes) assuming 
a line source embedded in 
the slab. The coefficients 
for the several modes de- 
pend, of course, on the par- 
ticular source assumed. It 
can be stated as a gene- 
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rally valid approximation for most sources, however, that the amplitude of 
the n-th mode is rather small until the frequency reaches cut-off for the 
(n + 1)-st mode, whereupon it rises rapidly to its high frequency (large 
slab thickness) asymptotic 
value. 

Fig. 13 shows an experi- 
mental setup for the Som- 
merfeld wave on a Single 
wire. The material used is 
nichrome, which is some- 
what lossier than copper 
but has the advantage of not 
oxydizing in air. The exper- 
iment was intended to esta- 
blish the existence of this 
wave concerning which there 
has been some doubt. For this 
purpose, an oxydized layer 

Fig. 13. had to be carefully avoided 

since it represents fa di- 

electric mantle’ capable of supporting a Goubau-type mode. The small 

device in the center is a tinfoil aperture supported 

on a block of polystyrene foam; its presence has no TTT 
noticeable effect on the guided field which is closely @ 


enough bound to the wire so that 95% of its energy 
© Zim 


passes through the hole. Bends along the wire cause 


some losses, but not more than on other open wa- S 
i © CATT TTT) 
veguide structures. 


(b) Excitation. - The excitation of surface waves ULI. LETT 


presents special problems. We generally desire to 
couple as much as possible of the energy from the 
source into some particular free mode. Fig. 14 shows 
six possible transitions, all of which have been tried 
at our Laboratory (by W. RoTMAN), and elsewhere. 
It is possible to obtain transfer efficiencies of over rig. 14. - a) Waveguide 
90%; so that only 10% of the energy is lost in to channel transition; 
direct radiation from the source. A perfect match 6) Horn to channel tran- 
could be achieved by providing a source whose phase ‘tion; e) Modified horn 
: o : to channel transition; 
and amplitude distribution across a transverse plane : . 
‘ È ; 7 d) Dipole-reflector input; 
is exactly like that of the mode to be excited. This e) Overhead wire exciter; 
would require sources extending to infinity, but the }) Recessed wire exciter. 
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loss incurred by using finite size (e.g., a large horn aperture) need not be 
large (11). The source aperture can, furthermore, be virtual instead of real. 
In other words, we can use one of the sources in fig. 14 despite the fact that 
the phase and amplitude distribution is quite incorrect at the feed point 
itself. Within a couple of wavelengths or more from the feed, the field will 
nonetheless approximate the desired distribution in a transverse plane. The 
one thing to note is that the feed must always provide one with a strong 
inhomogeneous wave component, since surface waves are themselves inho- 
mogeneous. It so happens that most electromagnetic sources have strongly 
inhomogeneous near fields, and almost any kind of source will therefore excite 
at least a weak component 
of surface wave, provided 
merely that it furnishes the 
proper polarization. The 
horn of fig. 12 is fed by a 
TE waveguide, and excites 
trapped TE modes in the 
dielectric slab if placed in 
such a way that its aperture 
is within a wavelength or two from the surface. When placed further away, 
the field emerging from the horn begins to approximate an ordinary plane 
wave, and lacks the inhomogeneous component necessary for surface wave 
excitation. 

Three horns for launching waves on a corrugated strip are shown in fig. 15 
The uncovered bottom surface is on the right, with the grooves starting near 
the mouth and deepening gradually toward the aperture. The first horn on 
the left has a large enough aperture for efficient excitation of the surface wave. 
Its flare angle is a bit too steep, however, and as a result higher order modes 
appear in the horn, whose energy is lost in the radiation field. The second 
horn is exponential, so as to throw the radiated beam off at an angle to the 
corrugated strip. This enables us to measure the mode properties relatively 
unperturbed by the source field. Once again, however, the flare is too steep 
for efficient power transfer to the surface. In the third horn we go to the 
opposite extreme of allowing no flare, and thus no higher modes. This con- 
struction is the most efficient of the three, but it is not optimum, as the aperture 
is now too small to simulate the required field distribution over the entire 
transverse plane. The best solution undoubtedly lies in a compromise between 
the three, i.e., a horn with gentle exponential flare. This, however, has not 
yet been tried. 


Fig. 15. 


(c) Radiation. - When a hollow waveguide is opened by a transverse cut, 
some of the energy is reflected back into the guide at the discontinuity, but 
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most of it leaks into space to establish a radiation pattern which is calculated 
by integrating the field distribution over the aperture. To be quite accurate, 
this integration must be performed not only over the physical aperture, but; 
over the outside wall of the waveguide as well, because currents flow there 
which are not negligible 
IV in the vicinity of the 
aperture. If the wave- 
guide is terminated in a 
transverse baffle, the in- 
tegration is performed 

over the entire plane. 
An open waveguide 
cut to finite length will 
also radiate. It therefore 
constitutes an antenna, 
and we ask ourselves how 
to calculate its radiation 
pattern. Fig. 16 shows a 
dielectric rod fed from a 
circular waveguide. The spectra in regions II and IV are wholly continuous (ra- 
diation), discrete in region I (guiding), and mixed in region III. A major 
portion of the energy from the hollow waveguide is transferred into free 
modes along the rod; some of it, however, emerges as a remainder field 
which spills into region II and accompanies the free modes in region III. At. 
the end of the rod, the discontinuity sets up small reflected waves in 
the form of the incident free modes, and also radiates a remainder field 
off into space. The conventional way of finding the far field pattern of 
the rod as a whole is to integrate the tangential electric field over its 
entire surface. This creates some difficulty for physical intuition, since 
the main contribution to the tangential fields comes from the free modes. 
which constitute precisely the non-radiating part of the total field. To avoid 
this apparent paradox, we can integrate instead over the transverse plane 
separating regions III and IV. Schelkunoff’s Equivalence Theorem guarantees. 
that the result of either integration is the same. As the length of the rod is. 
increased, the gain goes up — though not monotonically, as the direct source: 
field is at times in phase with the main beam and at times out of phase. 
Beyond a certain length, the gain increases no further: the contribution of 
the source field, which decreases inversely as the distance from the feed, has. 
now become negligible in the transverse aperture plane when compared to. 
the amplitude of the free mode field, and no further changes in the aperture 

distribution, and hence in the far field pattern, can be expected. 

If the dielectric rod or slab is partially clad with metal, as in the channel 


16. — End-fire antennas. 
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guides investigated at Ohio State University and by W. RoTMAN at our 
Laboratory, the surface wave velocity may exceed that in air. The main beam 
then emerges at an angle given approximately by are cus (f:/8,), and it is 
physically more meaningful to extend the integration over the entire length 
of the antenna rather than a transverse plane. 

Although the surface wave antenna lends itself best for end-fire applications, 
it can also be made to produce a broadside beam. The simplest example is 
given by the helix, one of whose basic modes radiates in that fashion. We 
could also place radiating discontinuities along the surface, or, better still, use 
a method due to MUELLER (!*) who loaded a dielectric rod with periodic disks 
of high dielectric constant. The disks bind their surface wave so closely that 
its amplitude is negligible compared to the amplitude of the surface wave on 
the rod itself; the disks are then spaced in such a way that the in-between 
sections of dielectric rod radiate in phase. 

The field distribution of an antenna and its radiation pattern are related 
as a pair of Fourier transforms. It is possible, therefore, to obtain all sorts 
of beam shapes by controlling the amplitude distribution in the desired manner, 
and by speeding or slowing up the surface wave to obtain the desired phase 
distribution. It has been shown by R. C. SPENCER (2%) that if the amplitude 
distribution is expanded as a power series, the corresponding radiation pattern 
becomes a series of ascending-order derivatives of the diffraction pattern for 
a constant-amplitude source. The odd derivatives vanish if the amplitude 
along the surface is an even function with respect to the aperture center; as 
a result, the pattern is of the type shown in fig. 17a, with major and minor 
lobes separated by deep nulls. If, however, the amplitude distribution is 
asymmetric, then the odd derivatives reach maxima whenever the even deri- 
vatives are zero, and vice 
versa. As a result, the pattern 
can have no nulls and looks 
as sketched in fig. 17). The @ © 
surface wave antenna is there- 
fore capable of producing a 
shaped beam, for example of 
the esc? type so frequently used 
in radar. <A detailed analysis 
of antenna beam shaping has been made n A. S. DUNBAR of the Stanford 
Research Institute (24). 

Another practical application of surface wave antennas lies in the con- 


Fig. 17. 


(23) S. Silver: Microwave Anntenna Theory and Design, Radiation Laboratory 
Series Vol. 12 (New York, 1949). 
(24) A. S. DUNBAR: Journ. Appl. Phys., 23, 847 (1952). 
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struction of flush-mounted arrays, such as the one illustrated in fig. 18. This 
combination of the broadside array effect with the individual end-fire anten- 
nas results in very sharp beams and low side lobes. 

One final comment regarding the radiation field of unshielded waveguides: 
It is always orthogonal to the free modes, but there is a difference depending 
on whether the guide is dissipative or 
not. If there is no loss, the orthogo- 
nality relation 


[EHS do = 0, 


holds in any transverse plane 2, where 
E; is the electric surface wave field and 
H* the conjugate magnetic radiation 
field (due to the residues and branch cut, 
respectively). This relation implies that 
the power in the radiation field is en- 
tirely separate from the power in the 
guided field, so that the source couples 
energy into two parallel circuits with 
no mutual coupling between them. If, 
on the other hand, the structure is 
dissipative, as for example the Som- 
merfeld wire or the Beverage wave an- 
tenna over a lossy earth, the orthogonality relation is weakend to read 


Fig. 18. 


[e NH, da— 0: 
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The guided and radiated electromagnetic fields are still represented by the 
residues and branch cut, respectively, but their power can no longer be sepa- 
rated. Due to the presence of coupling terms, the total power delivered by 
the source is no longer the sum of the power in the surface waves and the 
power in the remainder field. The open waveguide is seen to be related to space 
like a cylindrical transmission line to a spherical one, with mutual coupling 
between them. 
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5. — Conclusion: Comparison with Optics. 


By a suitable scaling of all dimensions, we may expect to find the surface 
wave phenomena just. described for the microwave region to exist in optics 
as well. There will be two important differences, however, quite apart from 
the usual ones which stem from the fact that optical sources are random in 
phase and polarization: 


(a) The plastic tube which conducts light into inaccessible regions within 
the human body supports ten thousands of modes, not just a few as in the 
microwave case. In the presence of so many poles, the branch cut contri- 
pution is negligible. It can be shown by means of the saddle point method. 
that the group of modes as a whole behaves according to the laws of geometric 
optics, i.e., the totality of modes constitutes an equivalent wave which bounces 
down the tube in a series of total internal reflections. The amount of energy 
carried outside the tube diameter is quite negligible. 


(b) The property of metals changes with increasing frequency. In the 
microwave region, a good conductor has a dielectric constant which is wholly 
imaginary; the input impedance is therefore half resistive and half inductive. 
This is the condition for the existence of the Zenneck wave on a flat sheet, 
a wave apparently so hard to excite that it has not been observed as yet (some 
authorities, as we have noted, deny its existence altogether). At optical fre- 
quencies, however, the dielectric constant of metals is essentially negative, 
which makes the surface purely inductive. This means that optical surface 
waves are as easily excited on metal as microwaves are on corrugated sheets 
or in dielectric slabs. It follows that we may expect a difference between 
optical and microwave diffraction phenomena. As we saw in section 2, forced 
surface waves are set up on the shadow side of a diffracting screen. These 
waves cannot be expected to transfer any appreciable energy from the dif- 
fracted beam into the Zenneck wave. In the optical case, however, the metal 
is inductive and a good deal of energy might go into the free surface. mode. 
As a result, the field intensity near the screen ought to be greater with ordinary 
light than with mierowaves, an effect which has never been studied. 

Two papers have recently appeared which examine diffraction gratings 
from the microwave point of view (7%). The Wood anomalies themselves 
have been re-investigated in great detail by PALMER (4). Im order to improve 
older theories, and to explain the new experimental facts brought to light 


(23) E. M. T. Jones: Proc. I. R. E., 40, 721 (1952). 
28) A. Borvin: J. Opt. Soe. Am., 42, 60 (1952). 
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by this work, TWERSKY (5) has used rigorous electromagnetic techniques, many 
of which were developed in recent years for application to microwave problems. 
We see, therefore, that a theory which began some fifty years ago with a purely 
optical discovery is now, half a century later and much improved by micro- 
wave practice, being successfully re-applied to the very phenomenon from 
which it took its start. 
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INTERVENTI E DISCUSSIONI 


— G. TORALDO DI FRANCIA: 

a) One of Mr. ZuckEeR's remarks reminds me of a very peculiar experiment, 
where evanescent waves are involved. When a plane wave is incident on a grating, 
we have a set of waves diffracted by reflection and a set of waves diffracted by trans- 
mission. When we increase the angle of incidence, any two corresponding waves of 
the two sets disappear at the same time, becoming evanescent waves. But if the grating 
is placed on the boudary of two media having different refractive indices, it can very 
well happen that one of the reflected waves disappears before the corresponding trans- 
mitted wave. In this case the experiment shows that as soon as the former wave 
disappears, the latter becomes much more intensive. That is what I called « total 
transmission » because of its close analogy with total reflection.’ 

b) What precisely is your feeling about the existence of the Zenneck wave? 


— F. J. ZuckER: 

My « feeling » is that the Zenneck wave should exist as a « free wave » to the extent 
that we can speak of free waves at all in connection with lossy systems. Let us call 
it a quasi-free mode to indicate that power must be supplied by the source to com- 
pensate for the ohmic losses. But it is still a solution of the transverse resonance 
problem, and thus not a forced wave. 

I have tried to point out in the above paper that all types of surface waves must 
ultimately die out in order to satisfy the radiation condition at infinity. The Zenneck 
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wave is no exception. As Orr has shown (1), interference between the Zenneck and 
the space wave «eats up» the former at a certain distance. This may occur fairly 
close to the source if we use a dipole, which is a most inefficient exciter of the Zenneck 
wave. The range may, however, be much extended if we assume a long vertical wire 
driven with the phase and amplitude distribution of the Zenneck wave itself (7). The 
effective excitation of the Zenneck wave over large distances is therefore contingent 
on finding a suitable source. An ordinary radio antenna is certainly not suitable, and 
chances of finding a good exciter that is technically realizable are probably poor. 


BAC CS nVANG LUBED: 


With waves in the earth considerable difficulties arise, when one tries to explain 
certain phenomena. Especially the relatively large intensity of the so-called Fermat- 
wave, oceurring when explosion waves are reflected against layers with high wave 
velocity, is hard to understand. Could we expect some help from microwave theory 
and experiments, or perhaps from analogies? 


— F. J. ZUCKER: 


Yes. Acoustic surface waves have been observed by Dr. Kock of the Bell Tele- 
phone Laboratories along a disc-on-rod structure similar to the one shown here. 

Surface waves have also been observed, in connection with explosions along the 
interface between two liquids of unequal density (?). I don’t know, however, to what 
extent their possible role in earthquakes has been investigated. 

There is, finally, some evidence that surface waves of the de Broglie type can exist 
in the potential wall along a crystal surface. The anomalies which they cause in mo- 
lecular beam diffraction are known as the « dellen » effect (4). 


— J. SIMON: 


L’onde de choc incidente sous une incidence trés oblique n’est plus réflechie en 
onde de choc (phénoméne de Mach) (5); il ne semble pas qu'il y ait des ondes de 
choc de surface. : 


(1) H. Orr: Arch.d. Elektr., Uebertragung, successive articles in the winter and spring issues of 1952. 
(2) G. GouBAU: Zeits. f. Angew. Phys., Zenneck Festheft (Spring, 1951). 

(3) O. von ScHAMIDT: Phys. Zeits., 39, 868 (1938). 

(4) S. Friscu: Zeits. f. Physik, 84, 443 (1933). 

(5) R. J. SeEGER and H. PoLacHEecK: Jour. Appl. Phys., 22, 640 (1951). 
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SUPPLEMENTO AL VOLUME IX, SERIE IX DEL NUOVO CIMENTO N. 3, 1952 


RELAZIONE CONCLUSIVA SUI LAVORI DEL CONVEGNO 


R. MALVANO 


Istituto di. Fisica del Politecnico - Torino 


Come giustamente ha osservato il prof. A. C. S. VAN HEEL, che con tanta 
competenza ed arguzia ha presieduto il Convegno, il risultato fondamentale di 
questa riunione di ottici e di microondisti sta proprio nel fatto che per la 
prima volta gli uni e gli altri hanno avuto modo di incontrarsi, cercando di 
comprendersi a vicenda; mentre i primi hanno parlato di campi elettrici, ma- 
gnetici, di impedenza, di antenne e così via, i secondi hanno cercato di 
sfruttare per la risoluzione di alcuni loro problemi i metodi dell’ottica geo- 
metrica e di quella ondulatoria fin dove fosse possibile, utile e conveniente. 

Questo primo, tangibile collegamento tra due rami della fisica, per 
molte parti analoghi, ma parlanti linguaggi differenti, può essere senz’altro 
annoverato tra i risultati generali di natura scientifica conseguiti da questo 
Convegno, ed in fondo basterebbe da solo a giustificarlo; non solo, ma anche 
a soddisfare il presidente ed il segretario del Convegno, i professori A. O. S. 
VAN HEEL e P. FLEURY, e a premiare gli organizzatori, i professori G. CASSI- 
Nis, E. PERUCCA e G. PoLVANI, della loro fatica. 

Ma leggendo la nutrita schiera di relazioni e comunicazioni che, insieme 
con le discussioni cui esse hanno dato luogo (di cui alcune estremamente inte- 
ressanti) hanno tenuto occupati i partecipanti al Convegno mattino e pome- 
riggio per tre giorni consecutivi, si deve riconoscere che i risultati scientifici 
particolari del Convegno stesso non sono affatto trascurabili; per cui credo 
non inutile riepilogare i punti principali toccati, scusandomi sin d’ora se la 
mia incompetenza su un gran numero di questioni mi obbligherà ad essere 
talora alquanto vago ed impreciso. 

Inumerosi lavori presentati, ben ventisette, possono essere utilmente suddi- 
visi, a grandi linee, in tre gruppi che riguardano: il primo la spettroscopia e la 
polarimetria dall’infrarosso alle microonde, il secondo i fenomeni di diffrazio- 
ne e di propagazione, (comprendendo in essi i problemi relativi al.potere sepa- 
ratore ed ai diagrammi di irradiazione di antenne), e il terzo quegli argomenti che 
rimangono a se stanti ed isclati. 
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La generazione e Vutilizzazione spettroscopica di onde millimetriche sono 
state oggetto di una relazione da parte del gruppo della Columbia University. 
A. H. NeTHERCOT, J. A. KLEIN, J. H. N. LouBsER, C. H. TOWNES. Nella 
loro relazione viene anzitutto sottolineato il fatto che in questa «no man 
land» la produzione di radiazioni millimetriche per via puramente termica è 
assolutamente inefficiente, mentre la produzione « coerente » urta contro diffi- 
coltà pratiche (dimensioni degli elettrodi, dei risuonatori e degli organi di 
accoppiamento) che rendono estremamente difficile la risoluzione effettiva del 
problema. Le prime ricerche spettroscopiche condotte in questo campo riguar- 
dano lo studio della « coda » di assorbimento ad alta frequenza delle righe di 
inversione dell’ammoniaca, studio che comprova il valore qualitativo della 
teoria di VAN VLECK e WEISSKOPF sulla forma delle righe di assorbimento (2). 

Ma forse la parte concettualmente più interessante della relazione consiste 
nella misura della velocità di fase della luce con il metodo dei tre livelli mole- 
colari, risultandone una misura essenzialmente di carattere ottico che fornisce 
il risultato 299776 + 4 km/s da confrontarsi con il risultato, fornito da ESSEN 
e FROOME in questo stesso Convegno, 299790 + 1 km/s ottenuto mediante un 
interferometro alla Michelson completamente a microonde: una simile discre- 
panza corrisponde effettivamente ad un fatto fisico di natura elettrodinamica 
o è solo imputabile ad una insufficiente valutazione degli errori sperimentali? 

J. 0. VAN DEN BoscH ed F. BRUIN di Amsterdam oltre ad alcune accurate 
esperienze sullo spettro di inversione dell’ammoniaca, banco di prova di ogni 
microspettroscopista, ci hanno mostrato un loro interferometro a microonde, 
costituito però, a differenza di quelli di Essen e FROOME, un interferometro alla 
Fabry e Perot; essi usano, si noti, nella descrizione di un tale dispositivo un 
linguaggio insieme ottico e microondistico ben adatto al nostro Convegno. 

Purtroppo nè A. KAstLER nè J. DUCHESNE erano presenti al Convegno. Del 
DUCHESNE dobbiamo accontentarci di leggere la interessante relazioné in cui 
si fa un documentato raffronto tra i risultati ottenibili dalla spettroscopia 
con microonde e nell’infrarosso giungendo alla conclusione che i due campi 
spettroscopici sono fra loro complementari nella determinazione delle costanti 
molecolari. Del KASTLER invece abbiamo avuto il piacere di ascoltare la comu- 
nicazione riassunta per sommi capi dal prof. FLEURY; in essa vengono di- 
scussi i vari effetti di polarizzazione che hanno luogo nella interazione di micro- 
onde con mezzi ponderabili e con plasmi elettronici anisotropi 0 resi tali da 
un campo elettrico o magnetico; argomento ripreso poi da R. MALVANO che, in- 
sieme ad alcune ricerche sperimentali da lui condotte, ha voluto esporre un qua- 
dro quanto più completo possibile dei fenomeni magnetoottici in questo campo. 


(1) I. H. van VLEcK and V. F. WEISSKOPF: Rev. Mod. Phys., 17, 227 (1945). 
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I lavori di H. SEVERIN, S. SILVER e la sintetica messa a punto di F. J. 
ZUCKER costituiscono un notevole contributo allo studio teorico sperimentale 
della diffrazione per onde centimetriche. La discussione delle possibilità e delle 
limitazioni inerenti al metodo di Kirchhoff (ed alle sue estensioni vettoriali) 
nello studio del campo diffratto nelle immediate vicinanze dell’ostacolo (H. SE- 
VERIN) e gli interessanti dati sperimentali riportati insieme con la elegante 
conferma del principio di Babinet (S. SILVER), sono certo di notevole importan- 
za nello studio di questi fenomeni di diffrazione alla Fresnel, a distanze molto 
ravvicinate: problemi di scarso interesse nell’ottica, ma di interesse notevole nel 
campo delle microonde in cui la lunghezza d’onda è una grandezza macroscopica. 

J. Ruze, in una relazione brillantemente presentata da F. J. ZUCKER, 
tratta di diagrammi di irradiazione di antenne, non dal punto di vista della 
loro determinazione teorica, ma studiando l’effetto che i vari errori statistici 
di progettazione e di esecuzione possono avere sul diagramma di irradiazione 
stesso. Questo lavoro sarebbe stato confortato da una elegante riprova spe- 
rimentale, se gli errori artificialmente introdotti fossero risultati un po’ più 
‘asuali di quanto effettivamente non fossero. 

Di antenne ha riferito anche G. TORALDO DI FRANCIA in due lavori di cui 
uno in collaborazione con L. RoncHI. In questo ultimo di carattere sperimentale, 
fisico-anatomico, eseguito su occhi enucleati da animali, si determina il dia- 
gramma di scattering retinico per ricavare una eventuale conferma della teoria 
che equipara i ricevitori retinici alle antenne dielettriche. Nel primo lavoro, 
invece, si fa ricorso alla teoria delle « super gain antennas » per costruire un si- 
stema ottico che violi il limite imposto al potere separatore, cercando di otte- 
nere una macchia di Airy più concentrata. 

La questione del miglioramento del potere separatore degli strumenti ottici 
ha suscitato un grande interesse, tanto che un gruppo compatto di ottici fran- 
cesi, A. ARNULF, D. Dupuy, F. FLAMANT, M. FRANGON, L. LACOMME, A. 
MARÉCHAL, espongono eleganti artifici per superare il limite classico imposto 
al potere separatore. A guisa di conclusione su questo dibattuto problema mi 
permetto di far mia la conclusione di J. M. OTERO y NAVASQUES, che cioè 
non sia possibile stabilire alcun limite al potere separatore se non si fissa la capa- 
cità del ricevitore di luce di rivelare un certo contrasto differenziale e che 
quindi per migliorare il potere separatore si debba aumentare la capacità del 
ricevitore, sostituendo eventualmente l’occhio con un ricevitore più adatto, 
o si aumenta il contrasto proprio della macchia di Airy. È necessario tuttavia 
osservare che quest’ultimo risultato non è ottenibile se non spendendo una certa 
quantità di energia addizionale, dovuta alla creazione di un complicato sistema 
di onde evanescenti (cioè energia reattiva) nelle immediate vicinanze della 
pupilla dello strumento. 

Ricorderò ora un gruppo di lavori in cui si vede come l’ottica classica 
possa venir in aiuto dei microoondisti. Anzitutto è da segnalare la bella re- 
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lazione di N. CARRARA sull’ottica a servizio delle microonde. Poi passando ad 
argomenti particolari, abbiamo sentito come le antenne per microonde, con- 
siderate come un normale strumento ottico, possono venir corrette delle 
loro aberrazioni, perfettamente analoghe a quelle dell’ottica classica (J. SIMON), 
mentre i cammini ottici di raggi a microonde possono venir utilmente studiati, 
in certe condizioni poco restrittive, con l'ausilio dell’ottica geometrica diffe- 
renziale (K. S. KUNZ). Cosi pure un metodo di carattere puramente ottico 
(J. BENOIT, T. E. TALPEY) permette la misura alle iperfrequenze della permea- 
bilità elettrica e magnetica, e degli angoli di perdita relativi, per materiali 
non troppo assorbenti, con una precisione paragonabile a quelle dei metodi in 
guide d’onda (?). 

Un concetto caro così egli elettrotecnici come ai microondisti, l’impedenza, 
appare nel linguaggio usato da un ottico come F. ABELÈS, che tratta con il 
metodo delle matrici il problema della propagazione nei mezzi stratificati, 
quali, ad esempio, le lamine sottili. 

Tra gli argomenti di varia natura possiamo citare i filtri per onde centi- 
metriche a griglie metalliche parallele (E. A. LEWIS, J. P. CASEY); le impor- 
tanti questioni termodinamiche relative ai fascetti di radiazione (M. KAHAN); 
l'effetto Cerenkov applicato alle microonde (M. ABELE), che fornisce lo spunto 
per una teoria particolareggiata di un possibile oscillatore-amplificatore che 
sfrutti un tale effetto; le interessanti esperienze sulla azione ponderomotrice 
di un fascio di microonde su un ostacolo materiale (N. CARRARA), ed infine la 
teoria completa delle onde superficiali, evanescenti e non evanescenti (225 dle 
ZUCKER) applicata allo studio di guide d’onda, antenne, e loro analoghi ottici. 

Non posso concludere questo breve panorama del Convegno senza accen- 
nare alle esperienze di ottica geometrica ed ondulatoria con microonde bril- 
lantemente presentate ai congressisti da G. F. HULL jr. e tengo a sottolineare 
l’importanza, in special modo didattica, di tali esperienze, gran parte delle 
quali si trovano già citate nell’Ottica delle oscillazioni elettriche di A. RIGHI, 
il quale però non possedeva ... nè klystron, nè guide d’onda. 

In complesso dunque si può essere veramente soddisfatti di come si è svolto 
questo Convegno. Anche perchè ai risultati scientifici presentati dai singoli 
autori si è unito un proficuo scambio di idee per le discussioni seguitene ; 
senza contare poi che la cortesia e la cordialità regnate nel Convegno hanno 
favorito lo stabilirsi di simpatiche conoscenze personali. 

Teniamo, pertanto, a ringraziare PU.N.E.$.C.0, ? Unione Internazionale di 
Fisica, il Consiglio Nazionale delle Ricerche, la Commissione Nazionale Italiana 
per l’Ottica e la Società Italiana di Fisica, sotto i cui auspici il Convegno, si è 
svolto. E sinceramente ci auguriamo che un altro Convegno di questo tipo 
abbia luogo in un tempo non troppo lontano perchè si possano constatare i 
frutti di questa iniziata collaborazione tra ottici e microondisti. 


(2) Vedi, ad esempio, S. ROBERTS è A. von Here: Journ. Appl. Phys., 17, 610 (1946) 
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MOTS DE COMMEMORATION 
PRONONCES A LA NOUVELLE DE LA MORT 
DU PROF. LUIGI PUCCIANTI (*) 


PAR LE 


Prof. G. POLVANI 


Président de la Société Italienne de Physique 


Je viens de recevoir tout à l’heure la triste nouvelle de la mort, survenue 
hier soir (**), de M. LUIGI PUCCIANTI, qui fut professeur ordinaire de Physique 
expérimentale a l’Université de Pise et — Vous le savez bien — studieux 
très profond des questions d’Optique. 

Il me semble pourtant qu’ici, dans cette assemblée, où il aurait pu très 
dignement s’asseoir, on ne puisse s’exhonérer de prononcer dans ce moment 
quelque mots sur lui et sur son cuyre. 

M. PuUCCIANTI naquit 18 Juillet 1875 à Pise, et è Pise il étudia, jusqu’a 
ce que, agé de 23 ans, il fut recu docteur en Physique sous Battelli. Tout de 
suite il se porta à Florence, ot, sous Roiti, il travailla et forma définitivement 
sa personnalité scientifique. 

En 1907 il fut nommé professeur de Physique 4 l’Institut Supérieur de 
Magistère de Florence, en 1915 professeur à l’ Université de Génes, l’an après 
à celle de Turin, et en 1917 a celle de Pise, où il resta jusqu’a sa retraite en 1950. 

Il débuta parmi les physiciens en 1900 avec une vaste étude expérimentale 
(pour laquelle il construit un spectrographe très sensible avec un équipage 
radiométrique) sur l’absorption que plusieurs composés du Carbone, relatés 
entre eux par omologie, isomérie, substitution..., presentent pour la lumière 
infrarouge. 

L’année suivante il publia ses recherches sur la dispersion anomale de 


(*) Le matin du 10 Juin, pendant les travaux du Colloque, arriva la nouvelle de 
la mort de M. LuIGI PUCCIANTI, qui fut professeur de Physique expérimentale a 1’ Uni- 
versité de Pise et cultiva les études d’Optique, notamment de Spectroscopie. Le Pré- 
sident de la Société Italienne de Physique, M. POLVANI, en communiquant a l’assemblée 
la nouvelle, prononga les mots de commémoration ici rapportés. (N. d. R.). 

(**) Le lundi 9 Juin 1952. (N. d. R.). 
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l’oxihémoglobine, pour lesquelles il imagina et réalisa cette précieuse disposition 
interférencielle qui porte son nom et qui a donné tant de possibilités pour les 
études sur la dispersion en général et en particulier sur les procès atomiques 
d’émission et d’absorption. 

Les figures monochromatiques que l’arc électrique présente en relation aux 
séries spectrales; les particularités de la dispersion anomale des vapeurs mé- 
talliques dans l’arc et les variations que celui-ci et sa dispersion aussi subissent 
dans le temps, lorsque il est alimenté avec un courant alternatif; la multi- 
plicité spectrale en dépendence de l’excitation de la source lumineuse; les 
phénomènes de résonance et de fluorescence de la vapeur de Sodium; les 
spectres par incandescence de l’Iode et du Brome; la détermination aux basses 
températures de la constante de Stefan-Boltzmann; ... tous ces problèmes, 
touchant les mécanismes atomiques d’émission et d’absorption lumineuse, 
furent object, de la part de M. PUCCIANTI, de 1900 à 1914, de plusieurs re- 
cherches expérimentales hautement profitables è la connaissance phénoménique 
et à l’interprétation de ces mécanismes mémes. 

Un autre champ où, dès l’an 1914, sa perspicacité s’exerca avec succes, 
fut celui du Magnétisme et de I’ Electromagnetisme, à Pétude duquel il se dédia, 
notamment avant la guerre, afin d’atteindre une sistémation phénoménique 
et conceptuelle, rigoureusement cohérente en soi-méme et profitant seulement 
de l’hypothèse d’Ampère, sans aucune compromission avec celle des masses 
magnétiques. 

Revenant aux questions d’Optique, quoique relatives aux radiations X, je dé- 
sire rappeler, que tout de suite après la découverte de la part de A. H. Compton 
de la réflexion des rayons X sous de trés grands angles d’incidence, M. Puc- 
CIANTI suggéra d’atteindre directement la détermination de la longueur d’onde 
des rayons X, par réflexion de ceux-ci sur un réseau plan artificiel, et consé- 
quemment du nombre d’ Avogadro par réflexion du méme faisceau sur un cristal. 

Je parle à impromptu, sans préparation; et en ce moment, où le souvenir 
des longues années passées près de M. PUCCIANTI s’empare de moi, une pro- 
fonde émotion, en troublant mon ame, m’empéche — et je Vous prie de m’en 
excuser — de Vous présenter dans sa totalité, dans son ordre chronologique 
et avec les justes soulignements, l’ceuvre du Maître. 

Auquel — il faut bien le rappeler — il échut d’avoir un large nombre 
d’élèves qui se signalèrent dans la Physique: entre eux on doit nommer Fermi, 
Rasetti, Bernardini... 

M. PuccIANTI fut un homme de large et profonde préparation intellectuelle 
d’humaniste. Causeur agréable, aigu, très singulier, il était doué dun esprit 
pénétrant, très prompt et vif, de sorte que tous ceux qui eurent l’occasion de 
discuter avec lui de quelques questions, ne prirent jamais congé de lui sans 
avoir, a travers sa perspicacité, ou appris quelque chose ou surpris quelque 
chose sous une lumière nouvelle. 

Et c'est ce qui me semble son meilleur titre de Maitre. 
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MOTS PRONONCÉS A LA CLOTURE DU COLLOQUE 


PAR LE 


Prof. A. C. S. VAN HEEL 


Président de la Commission Internationale d’Optique 


Mesdames, Messieurs, 


Avant de clére la réunion des chercheurs en optique et microondes je 
tiens a remercier bien vivement, de la part de tous les assistants, nos hòtes, 
qui ont pris tous les soins pour que notre réunion eùt un véritable succès. 
Nous devons étre obligés aux autorités de la ville et aux Institus de haute 
culture, Université et 1’Ecole Polytechnique, qui nous ont accueillis avec 
tant d’amabilité et de générosité. 

Je voudrais mentionner spécialement les peines que l’organisateur, notre 
collegue POLVANI, a bien voulu prendre. Grace a lui et a ses collaborateurs 
Vesprit de notre réunion a été d’une amitié cordiale des plus agréables. 

Les discussions, peut-étre un peu prudentes au début, ont abouti a des 
contacts durables, importants et extrémement utiles. 

En me flattant que ces contacts internationaux se continueront de la 
méme facon et dans un esprit de gratitude, je clos ce Colloque sur l’optique 
et les microondes. 
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